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Introduction 


Alterations  in  integrin  expression  and  function  during  transformation  are  likely  to  have  multiple 
consequences  on  tumor  progression  because  of  their  adhesive  and  signaling  properties  (1,2).  Our 
research  has  focused  on  the  possible  involvement  of  the  a6  integrins,  a6pi  and  a6p4,  receptors  for  the 
laminin  family  of  matrix  proteins,  in  breast  cancer  progression.  This  attention  was  triggered  by  the 
finding  that  high  expression  of  the  a6  subunit  in  women  with  breast  cancer  correlated  significantly  with 
reduced  survival  times  (3).  In  addition,  a  recent  report  also  revealed  a  correlation  between  expression  of 
the  p4  subunit  and  poor  prognosis  (4).  In  order  to  take  full  advantage  of  the  a6  and  p4  subunits  as 
markers  for  predicting  the  prognosis  of  breast  cancer,  it  is  necessary  to  understand  mechanistically  how 
these  integrins  promote  aggressive  tumor  behavior.  Until  this  is  established,  the  full  potential  of  these 
integrin  subunits  for  diagnosis,  or  as  targets  for  therapeutic  development,  will  not  be  known.  In  previous 
work  we  had  established  that  the  a6pi  receptor  contributes  to  the  growth  and  survival  of  breast 
carcinoma  metastases  (5).  In  addition,  we  had  demonstrated  that  de  novo  expression  of  the  integrin  p4 
subunit  in  colon  and  breast  carcinoma  cell  lines  that  lack  this  integrin  subunit  increases  their  invasive 
potential  (6,7).  The  aims  of  this  career  development  award  were  designed  to  investigate  these  a6- 
dependent  functions  in  more  molecular  detail.  In  this  regard,  during  the  past  four  years  I  have  made 
significant  progress  in  accomplishing  my  goals  and  as  a  result,  we  now  have  a  more  detailed 
understanding  of  how  the  a6  integrin  receptors  contribute  to  breast  cancer. 


Body 


PI3K  is  required  for  the  survival  of  MDA-MB-435  cells  (Aim  1).  The  a6pi  integrin  is  required  for 
the  growth  and  survival  of  MDA-MB-435  cells  in  vivo.  To  understand  the  mechanisms  involved  in  the 
contribution  of  a6pl  to  survival,  we  established  conditions  in  vitro  that  mimicked  the  survival 
differences  of  the  mock  and  a6p4-ACYT  transfected  cells  in  vivo.  Using  this  assay,  we  examined  the 
signaling  pathways  that  are  involved  in  a6pl -dependent  survival.  As  shown  in  Fig.  1,  there  is  a  2.5  fold 
difference  in  the  amount  of  apoptosis  observed  for  the  a6p4-ACYT  transfectants  when  compared  with 
the  mock  transfectants.  Treatment  of  the  mock  transfectants  with  an  inhibitor  that  prevents  activation  of 
the  mitogen  activated  protein  kinases  (MAPK)  Erkl  and  Erk2  did  not  alter  the  survival  of  these  cells.  In 
contrast,  treatment  of  the  mock  transfectants  with  wortmannin,  an  inhibitor  of  PI3K,  resulted  in  a  level 
of  apoptosis  that  was  comparable  to  that  observed  for  the  a6p4-ACYT  transfectants.  These  data  suggest 
that  a6pl  promotes  the  survival  of  MDA-MB-435  cells  through  activation  of  a  PI3K  signaling  pathway. 


a 


Figure  1:  PI3K  is  required  for  a  6  pi -dependent 
breast  carcinoma  survival.  Inhibition  of  PI3K  by 
wortmannin  (WT)  increased  the  amount  of  apoptosis 
observed  in  the  mock  transfectant  cells  to  the 
level  observed  for  the  a6p4-ACYT  transfectants. 
Inhibition  of  MEK  by  PD98059  (PD)  did  not  alter 
the  survival  of  the  mock  transfectants. 
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‘  The  a6pl  receptor  cooperates  with  the  IGF-1  receptor  to  activate  PI3K  and  Akt  (Aim  1).  To 

examine  further  the  contribution  of  the  a6pl  receptor  to  the  growth  and  survival  of  breast  carcinoma 
cells,  we  compared  the  ability  of  the  a6pl  and  a6p4-ACYT  receptors  to  cooperate  with  IGF-1  to  activate 
PI3K.  IGF-1  is  a  potent  survival  factor  for  many  cells,  including  breast  carcinoma  cells,  and  the  ability 
of  a6pl  to  cooperate  with  IGF-1  would  provide  a  mechanism  for  the  contribution  of  a6pi  to  survival 
(8).  As  shown  in  Figs.  2A  and  2B,  the  a6p4-ACYT  receptor  is  impaired  in  its  ability  to  cooperate  with 
the  IGF-1  receptor  to  activate  downstream  signals,  including  PI3K.  Significantly  more  PI3K  p85 
regulatory  subunit  was  associated  with  a  phosphotyrosine  immunoprecipitation  after  clustering  the  a6pl 
receptor  in  the  presence  of  IGF-1  than  when  a6p4-ACYT  was  clustered  (Fig.  2B).  The  Akt 
serine/threonine  kinase  is  a  downstream  effector  of  PI3K  that  is  important  for  cell  survival  in  many 
systems  (9).  As  shown  in  Fig  2C,  the  a6pi  receptor  cooperates  with  IGF-1  to  promote  Akt  activation  to 
a  greater  extent  than  the  aSpi  receptor.  Taken  together,  these  data  suggest  that  the  decreased  survival  of 
the  a6p4-ACYT  transfectants  could  be  the  result  of  a  decreased  ability  to  respond  to  survival  growth 
factors  such  as  IGF-1. 
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Figure  2 :  Cooperative  signaling 
between  the  a6|3l  integrin  and 
the  IGF-IR.  MDA-MB-435 
transfectants  were  maintained  in 
suspension  or  clustered  with  aS- 
specific  Abs  for  30  minutes. 
IGF-1  (50  ng/ml)  was  added  to 
the  cells  for  the  final  5 
minutes  of  the  clustering. 
Aliquots  of  cell  extracts  were 
immunoprecipitated  with  pTyr- 
specific  Abs  and  the  immune 
complexes  were  immunoblo t t ed 
with  either  p-Tyr-  (A)  or  PI3K- 
specific  (p85;  B)  Abs.  C)  Cells 
were  treated  as  described  above 
and  the  cell  extracts  were 
immunoprecipitated  with  Akt- 
specific  Abs  and  assayed  for 
their  kinase  activity  using 
Histone  H2B  as  a  substrate.  Sus, 
cells  maintained  in  suspension; 
a6,  cells  clustered  with  an  a6- 
specific  Ab;  +,  incubated  with 
50  ng/ml  IGF-1  for  5  minutes. 


Activation  of  phosphoinositide  3-OH  kinase  by  the  a6p4  integrin  promotes  carcinoma  invasion 
(Aim  2,  Cell  1997  P/:949-960,  see  Appendix). 

In  the  initial  grant  application,  I  presented  data  showing  that  expression  of  the  a6p4  integrin 
promotes  invasion.  I  investigated  the  mechanism  of  this  invasion  promoting  function  of  a6p4  and 
determined  that  the  a6p4  integrin  promotes  carcinoma  invasion  through  a  preferential  and  localized 
targeting  of  phosphoinositide-3  OH  kinase  (PI3K)  activity.  Stable  expression  of  a6p4  increased 
carcinoma  invasion  in  a  PI3K-dependent  manner  and  transient  expression  of  a  constitutively  active  PI3K 
increased  invasion  in  the  absence  of  a6p4.  Ligation  of  a6p4  stimulated  significantly  more  PI3K  activity 
than  ligation  of  pi  integrins,  establishing  specificity  among  integrins  for  PI3K  activation.  a6p4- 
regulated  PI3K  activity  was  required  for  the  formation  of  lamellae,  dynamic  sites  of  motility,  in 
carcinoma  cells.  In  addition,  I  determined  that  the  small  G-protein  Rac  is  an  essential,  but  not  sufficient, 
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*  downstream  effector  of  PI3K  for  invasion.  These  studies  define  a  mechanism  by  which  the  a6p4 
integrin  promotes  carcinoma  invasion  and  invoke  a  novel  function  for  PI3K  signaling. 

PKC-e  regulates  the  dynamic  behavior  of  actin-rich  cell  protrusions  and  is  required  for  the 
migration  and  invasion  of  carcinoma  cells  (Aim  2,  see  Appendix). 

Cell  migration  is  an  essential  function  of  invasive  carcinoma.  Although  many  signal  transduction 
pathways  have  been  implicated  in  the  control  of  cell  migration,  the  mechanisms  by  which  individual 
signaling  molecules  regulate  the  dynamic  cytoskeletal  events  that  underlie  migration  are  relatively 
unknown.  Although  the  protein  kinase  C  (PKC)  family  has  been  implicated  in  migration  and  invasion, 
little  data  exist  regarding  either  isoform  specificity  or  their  contribution  to  the  mechanics  of  migration 
(10).  In  this  study,  we  focused  on  PKC  isoforms  that  are  regulated  by  the  lipid  products  of  PI3K,  PKC-e 
and  PKC-^,  and  used  a  genetic  approach  to  investigate  the  contribution  of  these  PKC  isoforms  to 
carcinoma  cell  migration.  Transient  expression  of  wild  type  and  kinase  inactive  forms  of  these  PKC 
isoforms  in  Clone  A  colon  carcinoma  cells  revealed  that  PKC-e,  but  not  PKC-^,  is  involved  in  cell 
migration.  The  same  approach  demonstrated  that  PKC-e  is  also  essential  for  the  in  vitro  invasion  of 
MDA-MB-435  breast  carcinoma  cells.  Time-lapse  videomicroscopy  revealed  that  PKC-e  is  essential 
for  carcinoma  migration  and  invasion  because  it  is  required  for  the  organization  and  stabilization  of 
lamellae,  and  for  the  retraction  of  cell  processes. 

Identification  of  IRS-1  and  IRS-2  as  signaling  intermediates  in  the  a6p4  integrin-dependent 
activation  of  PI3K  and  promotion  of  invasion  (Aim  2;  MoI.Cell.BioI.  2001.  27:5082-5093,  see 
Appendix). 

The  involvement  of  a  PI3K-dependent  signaling  pathway  in  invasion  is  supported  by  other  ours 
and  other  studies  (1 1)  and  adds  to  previous  data  that  have  implicated  PI3K  in  tumor  promoting  functions 
including  transformation  (12),  cell  survival  (13,  14),  anchorage-independent  growth  (15),  and  motility 
(16).  Taken  together,  these  findings  support  a  central  role  for  PI3K  and  its  lipid  products  in  carcinoma 
progression  and  highlight  the  need  to  investigate  in  more  detail  how  this  pathway  is  regulated. 
Therefore,  I  investigated  the  signaling  pathway  by  which  the  a6p4  integrin  activates  PI3K.  Neither  the 
a6  nor  the  p4  cytoplasmic  domain  contains  the  consensus-binding  motif  for  PI3K,  pYMXM,  indicating 
that  additional  proteins  are  likely  to  be  involved  in  the  activation  of  this  lipid  kinase  by  the  a6p4 
integrin.  I  identified  Insulin  Receptor  Substrate-1  (IRS-1)  and  IRS-2  as  signaling  intermediates  in  the 
activation  of  PI3K  by  the  a6p4  integrin.  IRS-1  and  IRS-2  are  cytoplasmic  adapter  proteins  that  do  not 
contain  intrinsic  kinase  activity  but  rather  function  by  recruiting  proteins  to  surface  receptors  where  they 
organize  signaling  complexes  (17).  Ligation  of  the  a6p4  receptor  promotes  tyrosine  phosphorylation  of 
IRS-1  and  IRS-2  and  increases  their  association  with  PI3K,  as  determined  by  co-immunoprecipitation. 

To  understand  further  how  a6p4  activates  signaling  pathways  to  promote  carcinoma  invasion,  I 
examined  the  p4  cytoplasmic  domain  for  potential  binding  sites  for  signaling  molecules.  In  this 
analysis,  I  identified  two  immunoreceptor  tyrosine-based  inhibitory  motifs  or  “ITIM”  motifs.  The  ITIM 
motifs  were  initially  described  in  immune  cell  inhibitory  co-receptors  and  have  been  shown  to  be 
binding  sites  for  the  protein  phosphatases  SHP-1  and  SHP-2,  and  the  SH2-containing  inositol 
polyphosphate  5’ -phosphatase  (SHIP;  18).  Recruitment  of  these  phosphatases  to  the  p4  cytoplasmic 
domain  could  up-  or  downregulate  the  signaling  functions  of  the  a6p4  receptor  by  modifying  the 
phosphorylation  of  p4  itself  or  other  downstream  signaling  effectors.  Through  site-directed 
mutagenesis,  I  determined  that  Y1494  in  the  p4  cytoplasmic  domain  is  required  for  a6p4-dependent 
phosphorylation  of  IRS-2  and  activation  of  PI3K  in  response  to  receptor  ligation.  Most  importantly, 
Y1494  is  essential  for  the  ability  of  the  a6p4  integrin  to  promote  carcinoma  invasion.  Taken  together, 
these  results  implicate  a  key  role  for  the  IRS  proteins  in  the  a6p4-dependent  promotion  of  carcinoma 
invasion. 


6 


Involvement  of  the  src  family  in  the  a6p4  integrin-dependent  promotion  of  invasion  (Aim  2). 

In  Specific  Aim  2  of  the  grant,  I  proposed  to  determine  the  role  of  tyrosine  phosphorylation  in 
a6p4-mediated  breast  carcinoma  invasion.  An  inhibitor  of  the  src  family  kinases,  PP2,  was  used  to 
investigate  the  involvement  of  this  family  in  a6p4-dependent  signaling  and  promotion  of  invasion.  In 
the  presence  of  PP2,  stimulation  of  tyrosine  phosphorylation  by  a6p4  ligation  was  markedly  diminished 
(Fig.  3A).  In  addition,  PP2  significantly  inhibited  the  invasion  of  p4/MDA-MB-435  cells  (Fig.  3B). 
Finally,  ligation  of  the  a6p4  integrin  promoted  src  activation  (Fig.  3C).  Interestingly,  inhibition  of  src 
family  kinases  did  not  prevent  IRS-2  phosphorylation  and  activation  of  PI3K  in  response  to  a6p4 
ligation  which  suggests  that  the  PI3K  and  src  pathways  are  independent  pathways  that  are  both  essential 
for  promoting  invasion  (Fig.  3D).  I  am  continuing  these  studies  to  identify  the  specific  src  family 
member(s)  that  is  essential  for  invasion  and  how  the  a6p4  integrin  promotes  kinase  activation. 
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Figure  3:  Src-family  kinases  and  a6p4 -dependent  signaling.  A)  MDA-MB-435/p4 
cells  were  kept  in  suspension  (1)  or  clustered  with  p4-specific  Abs  in  the 
absence  (2)  or  presence  of  the  src  family  kinase  inhibitor  PP2  (10uM;3)  or  the 
inactive  isomer  PP3  (10uM;4) .  Cell  extracts  were  immunoprecipitated  with  pTyr- 
(upper)  or  p4-specific  Abs  (lower)  and  the  immune  complexes  were  immunoblotted 
with  pTyr-specif ic  Abs.  B)  MDA-MB-435/p4  cells  were  assayed  for  their  ability 
to  invade  Matrigel  in  the  absence  or  presence  of  PP2  or  PP3  at  the  indicated 
concentrations.  C)  MDA-MB-435/mock  and  P4  cells  were  kept  in  suspension  (S)  or 
clustered  with  p4-specific  Abs  (p4) .  Cell  extracts  were  immunoprecipitated  with 
src~specific  Abs  and  the  immune  complexes  were  assayed  for  src  activity.  D) 
Cells  were  treated  as  described  in  (A)  and  the  cell  extracts  were 
immunoprecipitated  with  IRS-2  specific  Abs.  The  immune  complexes  were 
immunoblotted  with  pTyr,  p85,  and  IRS-2  specific  Abs. 
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Tetracycline-regulated  expression  of  a6p4  in  MDA-MB-435  cells  (Aim  2). 

To  evaluate  the  contribution  of  a6p4  expression  to  breast  carcinoma  invasion  and  metastasis  in 
vivo,  MDA-MB-435  cells  that  express  the  p4  subunit  under  control  of  a  tetracylcine-regulated  promoter 
were  established.  Stable  subclones  of  MDA-MB-435  parental  cells  that  express  the  Tet-Off  repressor 
were  isolated  and  screened  for  low  basal  expression  in  the  presence  of  tetracycline  and  high  expression 
when  tetracycline  was  withdrawn.  Two  such  subclones  are  shown  in  in  Fig.  4.  The  p4  subunit  was 
subcloned  into  the  pTRE2  response  vector  and  stably  transfected  into  the  #5  and  #7  subclones.  I  am 
currently  screening  these  subclones  and  they  will  be  used  for  in  vivo  assays  as  described  in  Aim  2  of  this 
Career  Development  Award. 

MDA-MB-435 

#5  #7 


+  -  +  -  Tet 


Figure  11;  Tetracycline-regulated  gene 
expression  in  MDA-MB-435  cells.  MDA-MB-435 
cells  were  stably  transfected  with  the  Clontech 
Tet-Off  repressor.  Two  individual  subclones 
(#5  and  #7)  were  transiently  transfected  with 
an  HA-tagged  SHP-2  cDNA  under  the  control  of  a 
tetracycline-regulated  promoter.  The  cells 
were  incubated  for  24  hours  in  the  presence  {+) 
or  absence  (-)  of  tetracycline.  Cell  extracts 
containing  equivalent  amounts  of  total  protein 
were  resolved  and  immunoblotted  for  the 
transfected  proteins  using  an  HA-specific  Ab. 


17.  Key  Research  Accomplishments: 

-  The  a6pl  integrin  promotes  breast  carcinoma  survival  through  cooperativity  with  growth  factors  to 
promote  PI3K  and  Akt  activation. 

-  Activation  of  phosphoinositide  3-OH  kinase  by  the  a6p4  integrin  promotes  carcinoma  invasion. 

-  PKC-epsilon  is  essential  for  breast  carcinoma  invasion  and  it  functions  in  the  organization  and 
stabilization  of  actin-rich  motility  structures  called  lamellae.  PKC-epsilon  may  also  contribute  to  cell 
motility  through  its  involvement  in  cell  retraction. 

-  The  a6p4  integrin  promotes  PI3K  activation  through  the  IRS  proteins  IRS-1  and  IRS-2. 

-  The  a6p4  integrin  activates  a  src  family  member  which  is  essential  for  the  ability  of  this  integrin  to 
promote  breast  carcinoma  invasion. 

-The  src  kinase  family  is  not  involved  in  the  a6p4-dependent  phosphorylation  of  the  IRS  proteins. 

-  Y1494  in  the  p4  cytoplasmic  domain  is  essential  for  a6p4-dependent  promotion  of  invasion  and 
activation  of  PI3K  through  the  IRS  proteins. 

-  MDA-MB-435  cells  with  tetracycline-regulated  expression  of  p4  have  been  established. 

Reportable  Outcomes: 
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Leslie  M.  Shaw 

Conclusions 

The  overall  goal  of  this  career  development  award  was  to  understand  the  contribution  of  the  a6 
integrins  to  breast  carcinoma  progression.  My  work  has  resulted  in  an  increased  understanding  of  a6pi- 
dependent  breast  carcinoma  survival  and  the  important  role  of  PI3K  and  Akt  in  this  function.  I  made 
significant  progress  toward  identifying  a6p4-dependent  signaling  pathways  that  are  involved  in 
promoting  breast  carcinoma  invasion.  Activation  of  PI3K  and  the  downstream  effectors  Rac  and  PKC- 
epsilon  are  essential  for  carcinoma  invasion.  We  have  identified  the  IRS  proteins,  IRS-1  and  IRS-2,  as 
intermediates  in  the  activation  of  PI3K  by  the  a6p4  integrin.  In  addition,  I  have  identified  a  tyrosine 
residue,  Y1494,  in  the  p4  cytoplasmic  domain  that  is  essential  for  a6p4-dependent  phosphorylation  of 
IRS  and  promotion  of  invasion.  Finally,  I  have  established  an  involvement  of  the  src  family  in  a6p4- 
dependent  breast  carcinoma  invasion.  Although  I  have  not  completed  our  proposed  in  vivo  studies  on 
a6p4  function  in  breast  cancer,  I  have  established  cell  lines  with  regulated  p4  expression  to  be  used  in 
these  future  experiments.  I  intend  to  continue  to  investigate  the  mechanism  of  a6p4  signaling  so  that  we 
can  increase  our  understanding  of  how  these  pathways  can  be  manipulated  for  therapeutic  intervention 
of  breast  cancer. 

On  a  personal  level,  the  work  performed  during  this  career  development  award  has  contributed  to 
my  promotion  to  Assistant  Professor  of  Medicine  at  Harvard  Medical  School  and  the  establishment  of 
an  independent  research  program  in  the  Department  of  Pathology  at  the  Beth  Israel  Deaconess  Medical 
Center.  I  have  also  been  approved  for  funding  of  an  NIH-ROl  Award  that  is  focused  on  breast  cancer 
and  I  intend  to  continue  my  career  in  the  field  of  breast  cancer  research. 
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Abstract:  Cell  migration  is  an  essential  function  of  invasive  carcinoma.  Although  many  signal 
transduction  pathways  have  been  implicated  in  the  control  of  cell  migration,  the  mechanisms  by 
which  individual  signaling  molecules  regulate  the  dynamic  cytoskeletal  events  that  underlie 
migration  are  relatively  unknown.  Although  the  protein  kinase  C  (PKC)  family  has  been 
implicated  in  migration  and  invasion,  little  data  exist  regarding  either  isoform  specificity  or  their 
contribution  to  the  mechanics  of  migration.  In  this  study,  we  focused  on  PKC  isoforms  that  are 
regulated  by  the  lipid  products  of  PI3K,  PKC-e  and  PKC-^,  and  used  a  genetic  approach  to 
investigate  the  contribution  of  these  PKC  isoforms  to  carcinoma  cell  migration.  Transient 
expression  of  wild  type  and  kinase  inactive  forms  of  these  PKC  isoforms  in  Clone  A  colon 
carcinoma  cells  revealed  that  PKC-e,  but  not  PKC-^,  is  involved  in  cell  migration.  The  same 
approach  demonstrated  that  PKC-e  is  also  essential  for  the  in  vitro  invasion  of  MDA-MB-435 
breast  carcinoma  cells.  Time-lapse  videomicroscopy  revealed  that  PKC-e  is  essential  for 
carcinoma  migration  and  invasion  because  it  is  required  for  the  organization  and  stabilization  of 
lamellae,  and  for  the  retraction  of  cell  processes. 

Keywords:  PKC-e,  Carcinoma,  Migration,  Invasion,  Actin  Cytoskeleton 
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Introduction 

An  essential  function  of  invasive  carcinoma  cells  is  migration  [1].  In  contrast  to  normal 
epithelial  cells,  which  are  polarized  and  exhibit  stable  cell-cell  and  cell-matrix  interactions,  invasive 
carcinoma  cells  often  display  a  mesenchymal  phenotype  and  their  ability  to  migrate  contributes  to 
tumor  spread  [2].  For  this  reason,  the  mechanisms  that  underlie  cell  migration  are  critical  to 
understanding  carcinoma  progression.  Recent  studies  have  highlighted  the  complexity  of  cell 
migration  with  respect  to  both  cytoskeletal  dynamics  and  signal  transduction.  At  the  leading  edge 
of  migrating  cells,  polymerization  of  actin  filaments,  organization  of  actin  filament  networks  and 
the  formation  of  novel  adhesive  contacts  occur  [3,  4].  In  addition,  translocation  or  actual  cell 
movement  usually  involves  retraction  and  detachment  of  cell  adhesive  contacts  at  the  trailing  edge 
of  migrating  cells  [5].  Knowledge  of  how  these  dynamic  cytoskeletal  events  are  regulated  by 
extracellular  stimuli  that  promote  the  migration  of  carcinoma  cells  is  needed  to  increase  our 
understanding  of  this  fundamental  aspect  of  invasive  cancer. 

Many  signaling  molecules  have  been  implicated  in  cell  migration  but  the  mechanisms  by 
which  these  molecules  influence  specific  cell  functions  and  cytoskeletal  dynamics  to  facilitate 
migration  are  not  fully  understood.  The  Protein  Kinase  C  (PKC)  family  of  serine/threonine 
kinases  represent  a  salient  example  of  such  signaling  molecules.  [6,  7].  The  PKC  family  consists 
of  1 1  isoforms  that  are  classified  by  their  mode  of  regulation:  the  conventional  (a,  pi,  pil,  y)  are 
regulated  by  diacylglycerol  (DAG)  and  Ca"^;  the  novel  (5,  e,  n,  0)  are  regulated  by  DAG  but  are 
independent  of  Ca'^^,;  and  the  atypical  (^,  i,  X)  are  independent  of  both  DAG  and  Ca"^  [8,  9].  The 
use  of  broad  specificity  pharmacological  inhibitors  that  do  not  discriminate  among  the  individual 
isoforms  has  precluded  the  identification  of  specific  PKC  isoforms  that  participate  in  cell 
migration.  In  addition,  the  potential  mechanisms  by  which  PKC  isoforms  function  in  cell 
migration  need  to  be  established. 

To  evaluate  the  contribution  of  specific  PKC  family  members  to  cell  migration  rigorously, 
we  are  using  a  genetic  approach.  In  this  study  we  focused  our  efforts  on  PKC-e  because  this 
isoform  is  activated  by  phosphoinositide  3-OH  kinase  (PI3K)  and  phospholipase  C-y  (PLC-y) 
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signaling  pathways,  both  of  which  have  been  demonstrated  to  promote  cell  migration  [10]. 
Moreover,  PI3K  is  essential  for  carcinoma  invasion  [11,  12],  We  also  assessed  the  involvement  of 
PKC-^  because  the  activity  of  this  isoform  is  regulated  by  PI3K  as  well  [8].  The  results  obtained 
implicate  a  critical  role  for  PKC-e  in  the  migration  and  invasion  of  carcinoma  cells  because  its 
activity  contributes  to  the  dynamic  behavior  of  actin-rich  cell  protrusions. 

Materials  and  Methods 

Cells  Clone  A  cells  were  originally  isolated  from  a  human  poorly  differentiated  colon 
adenocarcinoma  and  were  obtained  from  D.  Dexter  [13].  Clone  A  cells  were  grown  in  RPMI 
supplemented  with  25mM  Hepes  (RPMI-H),  10%  fetal  calf  serum,  1%  L-Glutamine,  and  1% 
penicillin-streptomycin.  The  MDA-MB-435  breast  carcinoma  cell  line  was  obtained  from  the 
Lombardi  Breast  Cancer  Depository  at  Georgetown  University.  The  transfection  of  the  MDA-MB- 
435  cell  line  with  the  p4  integrin  subunit  has  been  described  previously  [11].  The  MDA-MB- 
435/(34  cells  were  grown  in  Dulbecco’s  modified  Eagle’s  medium  (DMEM,  Gibco)  supplemented 
with  10%  fetal  calf  serum  (Gibco),  1%  L-Glutamine,  1%  penicillin-streptomycin  (Gibco),  and 
400ug/ml  G418. 

cDNA  Constructs  and  Transfections  The  wild-type  and  kinase  inactive  PKC-C  plasmid 
constructs  have  been  described  previously  [14,  15].  The  human  PKC-e  cDNA  was  cloned  into  the 
mammalian  expression  vector  pcDNA3  (Invitrogen),  with  the  addition  of  the  FLAG  epitope 
(DYKDDDDK)  at  the  N-terminus.  The  PKC-e  kinase  inactive  mutant  (KI;  Lys437Trp)  and 
activation  loop  T566A  (Thr566Ala)  mutants  were  generated  by  PCR  based  site-directed 
mutagenesis  using  Quickchange  (Stratagene).  All  vector  sequences  were  confirmed  by  DNA 
sequencing.  Cells  were  passaged  one  day  prior  to  transfection  and  plated  at  80%  confluency. 
Cells  were  co-transfected  with  either  lug  pCS2-(n)P-Gal  or  Green  Fluorescent  Protein 
(GFP;Clontech)  and  the  cDNAs  specified  in  the  Figure  Legends  using  Lipofectamine  (Gibco) 
according  to  manufacturer’s  instructions.  Cells  were  harvested  24  hrs  after  transfection  for 
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experiments.  To  confirm  the  expression  of  the  transfected  proteins,  cell  extracts  from  the 
transfected  cells  were  immunoprecipitated  with  a  FLAG-specific  mAh  (M2;Sigma).  The 
immunoprecipitates  were  resolved  by  electrophoresis  on  SDS-polyacrylamide  gels  (8%)  and 
transferred  to  nitrocellulose.  The  tagged  proteins  were  detected  by  immunoblotting  with  PKC-e 
(Santa  Cruz)  and  (Santa  Cruz)  specific  antibodies. 

Kinase  Assays  Protein  kinase  activity  of  the  PKC-e  and  PKC-^  proteins  was  assayed  in 
transiently  transfected  Clone  A  and  MDA-MB-435/|34  cells.  Cells  were  transfected  as  described 
above  and  then  maintained  in  growth  medium  containing  10%  FBS.  After  washing  with  ice-cold 
IX  PBS,  the  cell  monolayers  were  lysed  in  a  1%  NP-40  lysis  buffer  as  described  previously  [14] . 
After  clearing  the  lysate  at  14,000rpm,  5%  of  the  total  cell  lysate  was  boiled  in  SDS  sample  buffer 
and  the  rest  of  the  lysate  was  snap-frozen  in  liquid  N2  and  stored  at  -70°C.  Relative  expression 
levels  of  the  PKC-e  and  PKC-^  proteins  were  detected  by  SDS  PAGE  followed  by 
immunoblotting  with  PKC-e-  (Transduction  labs)  and  PKC-^-  (Santa  Cruz)  specific  antibodies. 
The  immunoblots  were  exposed  to  a  Biorad  Molecular  Imager  chemiluminescence  screen  and  the 
relative  amounts  of  each  of  the  PKC  proteins  were  quantitated.  Cell  lysates  containing  equivalent 
amounts  of  PKC  protein  were  immunoprecipitated  with  the  FLAG-specific  antibody  (M2,  Sigma) 
and  a  50/50  mix  of  Protein  A/G  (Santa  Cmz)  for  3  hours  at  4°C.  The  immunoprecipitates  were 
washed  stringently  and  subjected  to  an  in  vitro  kinase  assay  using  Histone  H2B  as  a  substrate 
(Boehringer  Mannheim)  as  described  [14].  Incorporation  of  32P-[ATP]  was  detected  by 
autoradiography. 

Cell  Migration  and  Invasion  Assays  Haptotactic  migration  assays  were  performed  using 
laminin  as  described  previously  [16].  After  a  5  hr  incubation,  the  cells  that  had  not  migrated  were 
removed  from  the  upper  face  of  the  filters  using  cotton  swabs.  The  cells  that  had  migrated  to  the 
lower  surface  of  the  filters  were  fixed  in  4%  formaldehyde  for  30  minutes  and  then  stained  with 
PBS  containing  Img/ml  Bluo-gal  (Boehringer  Mannheim),  2mM  MgCla,  5mM  Potassium 
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Ferrocyanide,  and  5niM  Potassium  Ferricyanide.  Migration  was  quantitated  by  counting  using 
brightfield  optics  with  a  Nikon  Diaphot  microscope.  All  of  the  p-galactosidase  positive  cells  were 
counted  for  each  well. 

Matrigel  invasion  assays  were  performed  as  described  previously  [11].  After  5  hrs,  the 
cells  that  had  invaded  to  the  lower  surface  of  the  filters  were  fixed,  stained,  and  counted  as 
described  above  for  the  migration  assays. 

Indirect  Immunofluorescence  Microscopy  Clone  A  cells  that  had  been  transiently 
transfected  with  the  PKC  constructs  were  trypsinized,  washed  two  times  with  RPMI  containing 
0.1%  BSA,  and  plated  onto  coverslips  that  had  been  coated  overnight  with  20ug  of  EHS  laminin. 
After  a  45  minute  incubation,  the  medium  was  removed  and  the  cells  were  fixed  by  the  addition  of 
a  lOmM  Pipes  buffer,  pH  6.8,  containing  4%  paraformaldehyde,  lOOmM  KCl,  2mM  EGTA, 
2mM  MgCl2,  and  7%  sucrose.  After  washing  three  times  with  PBS,  the  cells  were  permeabilized 
for  2  minutes  by  the  addition  of  the  same  buffer  lacking  the  paraformaldehyde  and  containing 
0.05%  Triton-X-100.  The  coverslips  were  incubated  for  30  minutes  in  blocking  buffer  (PBS 
containing  3%  BSA  and  1%  goat  serum)  and  then  for  30  minutes  in  blocking  buffer  containing  a 
1:200  dilution  of  anti-FLAG  mAb.  After  three  10  minute  washes  in  PBS,  the  coverslips  were 
incubated  for  an  additional  30  minutes  in  blocking  buffer  containing  a  1:200  dilution  of  Cy2- 
conjugated  goat-anti-mouse  IgG  (Jackson  Laboratories).  The  cells  were  visualized  by  confocal 
microscopy  (Bio-Rad). 

Video  Microscopy  Cells  that  had  been  transiently  co-transfected  with  GFP  and  the  PKC  cDNA 
constructs  were  plated  on  laminin  coated  coverslips  in  60mm  culture  dishes.  After  15  minutes  at 
37°C  in  a  humidified  atmosphere,  the  dishes  were  sealed  with  parafilm  and  then  placed  on  a 
microscope  stage  heated  to  37°C.  An  inverted  microscope  (model  Diaphot  300;  Nikon,  Inc., 
Melville,  NY)  with  phase  contrast  optics  was  used  for  image  analysis.  This  microscope  was 
connected  to  a  CCD  camera  (Dage-MTI,  Michigan  City,  IN),  a  framegrabber  (Scion,  Frederick, 
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MD),  and  a  G3  Power  Macintosh  computer  to  capture  the  images.  GFP  positive  cells  were 
identified  and  then  the  images  were  collected  at  1  minute  intervals  for  30-60  minutes. 

Results 

Involvement  of  PKC-e  in  carcinoma  cell  migration 

Clone  A  colon  carcinoma  cells  were  used  initially  to  investigate  the  involvement  of  specific 
PKC  isoforms  in  cell  migration.  These  cells  exhibit  rapid,  chemokinetic  migration  on  laminin- 1 
that  is  characterized  by  the  formation  of  fan-shaped  lamellae  [17].  To  examine  the  contribution  of 
PKC-e  and  PKC-^  to  the  migration  of  Clone  A  cells,  wild-type  PKC-e  (WT-e)  and  PKC-^  (WT- 
0,  as  well  as  kinase-inactive  mutants  of  PKC-e  (Kl-e)  and  PKC-i;  (KI-Q  were  expressed 
transiently  in  these  cells.  Expression  of  the  PKC  isoforms  was  confirmed  by  immunoblotting 
using  FLAG-specific  antibodies  (Fig.  1  A,  lower  panel).  In  addition,  in  vitro  kinase  assays  were 
performed  to  assess  the  relative  activity  of  the  PKC  proteins  in  Clone  A  cells.  As  shown  in  Fig 
IB,  both  the  Kl-e  and  -C  proteins  exhibited  decreased  kinase  activity  relative  to  their  corresponding 
WT-proteins. 

The  migration  of  clone  A  cells  that  expressed  the  various  PKC  proteins  toward  a  laminin 
gradient  was  assessed  using  a  modified  Boyden  chamber.  As  shown  in  Fig.  lA,  expression  of 
WT-s  increased  the  migration  of  Clone  A  cells  by  2.5  fold.  An  increase  in  cell  migration  was  not 
observed  in  cells  that  expressed  WT-^.  In  the  converse  experiment,  expression  of  dominant¬ 
negative  Kl-e,  but  not  KI-^,  inhibited  the  migration  of  Clone  A  cells  by  80%  (Fig.  1  A).  Taken 
together,  these  results  suggest  that  PKC-e  is  essential  for  the  migration  of  Clone  A  cells. 

Localization  of  PKC-e  to  membrane  ruffles  and  lamellae 

To  obtain  additional  insight  into  the  function  of  PKC-e  in  cell  migration,  we  examined  the 
morphology  of  Clone  A  cells  that  had  adhered  to  laminin- 1  after  transfection  with  the  WT  and  KI- 
PKC  constructs,  and  we  examined  the  spatial  distribution  of  the  transfected  PKC  proteins  using 
indirect  immunofluorescence  microscopy.  Cells  that  expressed  the  PKC  proteins  were  fixed  after 
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attachment  to  laminin- 1  for  45  minutes  and  the  exogenous  PKC  isoforms  were  detected  using  a 
FLAG-specific  mAh.  Two  representative  cells  from  each  transfection  are  shown  in  Fig.  2.  The 
morphology  of  Clone  A  cells  that  expressed  WT-e  did  not  differ  significantly  from  the  morphology 
of  cells  transfected  with  a  vector  alone  (data  not  shown).  These  cells  were  polarized  and  displayed 
broad  lamellae  with  extensive  membrane  mffling  (Fig.  2A,B  and  Fig.  3A).  Interestingly,  PKC-e 
was  concentrated  in  these  membrane  ruffles  at  the  leading  edge  of  lamellae  (Fig.  2A,B narrow). 
PKC-e  was  also  expressed  throughout  the  cytoplasm  and  it  was  absent  from  the  nucleus.  The 
morphology  of  the  Clone  A  cells  that  expressed  WT-^  was  similar  to  the  morphology  of  the  cells 
expressing  WT-e  and  the  WT-i;  protein  was  also  distributed  diffusely  throughout  the  cytoplasm. 
Although  the  WT-^  protein  was  observed  in  membrane  ruffles,  the  concentration  of  this  PKC 
isoform  in  these  structures  was  much  lower  than  that  observed  for  the  WT-e  protein.  (Fig  2F; 
arrow). 

Clone  A  cells  that  expressed  dominant  negative  Kl-e  attached  to  laminin- 1  to  the  same 
extent  as  cells  that  expressed  WT-e  (data  not  shown),  an  observation  that  discounts  a  role  for 
PKC-e  in  regulating  cell  adhesion.  However,  cells  that  expressed  Kl-e  displayed  a  disorganized 
morphology  as  evidenced  by  their  lack  of  a  polarized  leading  edge  and  well-developed  lamellae 
(Fig.  2C,D).  Moreover,  irregular  membrane  protrusions  were  observed  and  many  long, 
filopodial-like  extensions  were  also  present.  The  Kl-e  protein  was  distributed  throughout  the 
cytoplasm  in  a  grainy,  punctate  manner  and  displayed  some  concentration  at  the  membrane  edge 
(Fig.  2C,  arrow).  Expression  of  the  mutant  PKC-e  was  also  observed  in  the  filopodial-like 
extensions.  The  morphology  of  cells  expressing  KI-^  and  the  localization  of  the  KI-^  protein  were 
similar  to  that  observed  for  the  WT-^  transfectants  (Fig.  2G,H). 

PKC-e  is  required  for  organization  of  lamellae  and  retraction  of  cell  processes 

The  localization  of  PKC-e  to  membrane  ruffles  in  lamellae  and  the  lack  of  these  organized 
structures  in  the  cells  expressing  the  dominant  negative  PKC-e  suggested  that  this  PKC  isoform 
functions  in  the  formation  of  these  actin-rich  structures.  To  explore  further  the  contribution  of 
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PKC-e  to  lamellar  function,  we  analyzed  the  movement  and  behavior  of  cells  using  time-lapse 
videomicroscopy.  After  attachment  to  laminin,  Clone  A  cells  extend  filopodia,  which  serve  as 
guides  for  the  extension  of  lamellae  [17].  Subsequently,  the  cell  body  translocates  in  the  direction 
of  the  developed  lamellae.  At  the  trailing  edge  of  the  cell,  retraction  fibers  are  formed  as  the  cell 
body  moves  forward  and  these  fibers  eventually  detach  from  the  matrix.  This  pattern  of  movement 
was  observed  for  Clone  A  cells  that  expressed  WT-e.  As  shown  in  Fig.  3A,  Clone  A  cells  that 
expressed  WT-e  formed  organized,  leading  edge  lamellae  with  active  membrane  ruffles  and  these 
cells  migrated  in  the  direction  of  lamellar  formation  (white  arrow).  As  the  cell  moved,  retraction 
fibers  were  formed  at  the  trailing  edge  of  the  cell  (Fig.  3A,  black  arrow). 

The  dynamic  behavior  of  Clone  A  cells  on  laminin  that  expressed  the  dominant  negative 
Kl-e  protein,  as  assessed  by  videomicroscopy,  revealed  several  important  details  about  the 
function  of  PKC-e.  Although  these  cells  were  capable  of  forming  lamellae  (Fig.  3B;arrowhead), 
the  lamellae  formed  were  significantly  smaller  and  not  organized  in  a  polarized  manner  as  observed 
in  the  WT-e  transfectants.  Moreover,  the  lamellae  that  formed  in  the  Kl-e  transfectants  were  less 
stable  and  collapsed  more  rapidly  than  the  lamellae  that  formed  in  the  untransfected  and  WT-e 
transfected  cells.  Interestingly,  cells  that  expressed  the  Kl-e  construct  also  exhibited  defects  in 
their  retraction  of  cell  processes.  When  the  small  lamellae  collapsed  in  these  cells,  thin  retraction 
fibers  were  evident.  Over  time,  many  of  these  extensions  formed,  which  resulted  in  the 
“filopodial-like”  appearance  that  was  observed  in  the  fixed  cells.  Although  filopodia  were 
identified  in  the  KI-s  expressing  cells,  most  of  these  extensions  were  determined  to  be  retraction 
fibers  from  the  videomicroscopic  analysis.  Interestingly,  small  lamellae  extended  along  these 
retraction  fibers,  similar  to  the  formation  of  lamellae  in  the  direction  of  filopodia  as  described  above 
(arrow;  Fig.  3B;  17).  Collectively,  the  data  obtained  from  time-lapse  videomicroscopy  indicate 
that  PKC-8  contributes  to  the  organization  and  stabilization  of  lamellae.  In  addition,  PKC-e 
activity  is  required  for  efficient  retraction  of  cell  processes. 

PKC-e  functions  in  carcinoma  invasion 
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The  data  we  obtained  on  the  involvement  of  PKC-e  in  the  migration  of  Clone  A  cells 
provided  a  rationale  for  assessing  the  importance  of  this  PKC  isoform  in  an  in  vitro  model  of 
carcinoma  invasion.  In  previous  work,  we  established  that  expression  of  the  a6p4  integrin  in 
MDA-MB-435  breast  carcinoma  cells  stimulates  their  invasive  potential  by  a  mechanism  that 
involves  activation  of  PI3K  and  Rac,  signaling  events  that  culminate  in  the  formation  and 
stabilization  of  lamellae  [11].  To  assess  the  relative  contribution  of  PKC-e  to  invasion,  we 
expressed  the  PKC-e  and  cDNAs  in  the  MDA-MB-435  cells  that  also  expressed  the  a6p4 
integrin  (MDA-MB-435/p4).  An  additional  dominant  negative  mutant  of  PKC-e,  T566A-e,  was 
also  used.  This  cDNA  contains  a  mutation  at  threonine  566  in  the  activation  loop  that  does  not 
permit  activation  of  this  PKC  isoform.  Expression  of  the  PKC  proteins  after  transient  transfection 
into  the  MDA-MB-435/p4  cells  was  confirmed  by  immunoblotting  using  a  FLAG-specific  mAb 
(Fig.  4A;  lower  panel).  In  addition,  in  vitro  kinase  assays  were  performed  to  assess  the  relative 
activity  of  the  PKC  constructs  in  the  MDA-MB-435/p4  cells  (Fig.  4B).  As  was  observed  with 
Clone  A  cells,  the  activity  of  the  Kl-e  and  -i;  proteins  was  diminished  in  comparison  to  their 
respective  wild  type  proteins.  The  activity  of  the  T566A-e  mutant  protein  was  also  decreased 
confirming  that  this  mutant  functions  as  a  dominant  negative  PKC-e  protein  as  well. 

The  ability  of  the  MDA-MB-435/p4  cells  that  expressed  the  different  PKC  proteins  to 
invade  through  a  Matrigel-coated  filter  was  examined.  As  shown  in  Figure  4A,  expression  of 
either  the  WT-e,  WT-^,  or  Kl-i^  PKC  proteins  did  not  alter  the  invasion  of  MDA-MB-435/p4  cells 
significantly  in  comparison  to  control  cells.  In  contrast,  expression  of  either  of  the  dominant 
negative  PKC-s  mutants  inhibited  invasion  by  50-60%.  These  data  implicate  an  essential  role  for 
PKC-e  in  the  invasion  of  MDA-MB-435/p4  cells  and,  together  with  the  data  obtained  for  the  Clone 
A  cells,  support  a  general  role  for  PKC-e  in  carcinoma  migration  and  invasion. 

Interestingly,  expression  of  WT-e  in  Clone  A  cells  increased  their  migration  by  2.5  fold  but 
did  not  significantly  increase  the  invasion  of  the  MDA-MB-435/p4  cells.  This  discrepancy  could  be 
explained  by  differences  in  the  levels  of  endogenous  PKC-e  expression  and  activity.  As  shown  in 
Fig.  4C,  a  relatively  low  level  of  expression  of  PKC-e  was  detected  in  Clone  A  cells  in  comparison 
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to  the  level  detected  in  the  MDA-MB-435/p4  cells.  If  the  levels  of  PKC-e  detected  in  the  MDA- 
MB-435/|34  cells  are  optimal  for  function,  expression  of  endogenous  WT-e  would  not  increase 
motility  further. 

Discussion 

In  this  report,  we  implicate  an  important  role  for  PKC-e  in  the  migration  and  invasion  of 
carcinoma  cells  and  define  the  contribution  of  this  kinase  to  the  mechanics  of  migration.  Our  use 
of  a  genetic  approach  allowed  a  rigorous  assessment  of  the  function  of  specific  PKC  isoforms  in 
the  motile  behavior  of  two-well  studied  carcinoma  cell  lines.  Clone  A  colon  carcinoma  cells  and 
MDA-MB-435  breast  carcinoma  cells.  Specifically,  the  data  we  obtained  indicate  that  PKC-s  is 
essential  for  carcinoma  migration  and  invasion  because  it  contributes  to  the  organization  and 
stabilization  of  actin-rich  protrusions  termed  lamellae  that  are  essential  for  cell  movement. 
Interestingly,  the  contribution  of  PKC-e  to  lamellae  stabilization  provides  a  mechanistic  explanation 
for  the  previously  reported  involvement  of  this  PKC  isoform  in  integrin-dependent  cell  spreading 
[18].  In  addition,  our  findings  indicate  that  the  activity  of  PKC-e  is  also  required  for  the  efficient 
retraction  of  cell  processes.  Although  we  excluded  the  involvement  of  PKC-C  in  cell  migration  in 
the  model  systems  used  in  this  study,  it  is  possible  that  other  PKC  family  isoforms  such  as  PKC- 
a,  5,  and  0  cooperate  with  PKC-e  to  promote  migration  [19-22].  Clearly,  a  careful  genetic  analysis 
of  the  function  of  all  of  the  PKC-isoforms  is  needed  before  a  complete  understanding  of  the 
contribution  of  the  PKC  family  to  carcinoma  motility  and  invasion  is  established. 

The  ability  of  a  kinase  inactive  mutant  of  PKC-e  to  inhibit  cell  motility  indicates  that  the 
activity  of  PKC-e  is  essential  for  its  function  in  cell  migration  and  that  substrate(s)  of  this  kinase 
are  involved,  either  directly  or  indirectly,  in  regulating  the  morphological  events  that  underlie  cell 
movement.  A  number  of  regulatory  and  cytoskeletal  proteins  are  required  for  lamellae  organization 
including  proteins  that  nucleate  actin  polymerization,  promote  actin  filament  cross-linking  and 
promote  filament  disassembly  [23].  Although  much  is  known  about  the  functions  of  these  actin- 
modifying  proteins,  the  mechanisms  for  how  each  of  these  proteins  are  regulated  by  the  stimuli  that 
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promote  lamellae  formation  have  not  been  elaborated  fully  and  need  to  be  investigated  further.  To 
date,  none  of  the  actin  regulatory  or  structural  proteins  that  are  involved  in  lamellae  formation  have 
been  reported  to  be  phosphorylated  directly  by  PKC-e,  although  some,  including  ABP-280  and 
MARCKS,  can  be  phosphorylated  in  a  PKC-dependent  manner  [24,  25].  Unfortunately,  the 
isoform  specificity  of  this  phosphorylation  has  not  been  determined.  An  alternative  possibility  is 
that  PKC-e  promotes  lamellae  organization  through  an  indirect  mechanism.  In  this  regard, 
tyrosine  phosphorylation  of  the  docking  protein  pl30Cas,  which  has  been  implicated  as  a 
“molecular  switch”  for  cell  migration,  is  promoted  by  PKC-e  activity  [26-28].  Although  the  actual 
function  of  pl30Cas  in  cell  migration  has  not  been  determined,  it  is  likely  that  pl30Cas  regulates 
the  organization  and  localization  of  signaling  complexes  that  are  required  for  cell  migration,  and  we 
suggest  that  such  complexes  may  be  regulated  by  PKC-e. 

The  inability  of  Clone  A  cells  that  lack  PKC-e  function  to  retract  cell  processes  efficiently 
suggests  that  PKC-e  could  be  involved  in  regulating  adhesive  strength,  or  interestingly,  in  cell 
contraction  [5].  Tension  is  required  for  a  migrating  cell  to  disrupt  adhesive  contacts  and  retract  cell 
processes  and  this  tension  is  generated  by  contraction  of  the  cell  body  [5].  The  finding  that  PKC-e 
may  be  involved  in  cell  contraction  is  intriguing  in  light  of  the  established  role  for  PKC-e  in 
smooth  muscle  contraction  [29].  The  Ca'^-independent  contraction  of  smooth  muscles  is  mediated 
by  PKC-e-dependent  phosphorylation  of  the  F-actin  binding  protein  calponin  [29,  30].  In  many 
non-smooth  muscle  cells,  PKC-e  binds  to  F-actin  when  it  is  activated  and  this  translocation  from 
the  cytosol  to  the  actin  cytoskeleton  localizes  the  kinase  to  the  appropriate  site  for  the 
phosphorylation  of  calponin  [31,  32].  Although  calponin  is  expressed  primarily  in  muscle  cells,  a 
non-smooth  muscle  isoform  of  calponin,  calponin  h2,  has  a  more  ubiquitous  expression  pattern 
[33,  34].  This  novel  calponin  isoform  could  play  a  role,  downstream  of  PKC-e,  in  the 
actin/myosin  contractions  that  are  required  for  cell  migration. 

PKC-e  is  a  novel  PKC  family  member  that  is  activated  by  stimuli  that  promote  PLC-y- 
dependent  hydrolysis  of  PI-4, 5-P2  to  produce  DAG  [8].  In  addition,  PKC-e  associates  with 
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phosphoinositide-dependent  kinase-1  (PDK-1),  a  serine/threonine  kinase  that  is  dependent  upon 
PI3K  for  function.  [35-37].  Several  of  the  PKC  isoforms  including  PKC-pII,  -C,  -5,  and  -e,  are 
phosphorylated  by  PDK-1  and  this  phosphorylation  is  essential  for  their  activation  [14, 38, 39]  (A. 
Toker,  unpublished  data).  A  role  for  PLC-y  in  promoting  PKC-e-dependent  migration  is 
supported  by  the  fact  that  stimulation  of  chemotaxis  by  a  number  of  growth  factors  including 
PDGF-p  and  EGF  is  dependent  upon  PLC-y  activation  [40, 41].  However,  to  complicate  matters, 
this  growth  factor-dependent  chemotaxis  can  also  require  activation  of  PI3K  [40].  Although  it 
remains  an  open  question  at  this  time,  it  is  highly  likely  that  PLC-  y  and  PI3K  signaling  pathways 
cooperate  to  activate  PKC-e  to  promote  cell  migration.  With  regard  to  the  involvement  of  PI3K  in 
PKC-e  activation,  we  recently  demonstrated  that  the  PI3K-dependent  chemoinvasion  of  carcinoma 
cells  requires  the  small  GTPase  Rac,  but  that  other  PI3K  effectors  are  also  essential  because  Rac  is 
not  sufficient  to  promote  invasion  on  its  own  [11].  A  model  could  be  proposed  in  which  PKC-e 
cooperates  with  Rac,  downstream  of  PI3K,  to  promote  cell  migration.  Rac  activation  would 
promote  the  initial  formation  of  lamellae  whereas  PKC-e  would  participate  in  their  maintenance  and 
stability. 
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Figure  Legends 

Figure  1:  Analysis  of  PKC  involvement  in  migration  of  Clone  A  cells  by  transient 
transfection.  A)  Clone  A  cells  were  assayed  for  their  ability  to  migrate  toward  a  laminin-1 
gradient  after  transient  transfection  with  PKC  cDNAs.  Cells  were  transiently  transfected  with  lug 
pCS2-(n)p-gal  and  4ug  of  either  the  vector  alone,  WT-e,  KI-e,  WT-^,  or  Kl-i;.  Transfected  cells 
(10^)  were  added  to  the  upper  wells  of  Transwell  chambers  and  medium  containing  15ug/ml  of 
laminin- 1  was  added  to  the  bottom  wells.  After  5  hrs  at  37°C,  the  cells  that  had  not  migrated  were 
removed  and  the  cells  that  had  migrated  to  the  lower  surface  of  the  filters  were  fixed,  stained,  and 
quantitated  as  described  in  Materials  and  Methods.  Expression  of  the  transfected  proteins  was 
detected  by  immunoprecipitating  with  a  FLAG-specific  mAb  and  then  immunoblotting  with  PKC- 
isoform-specific  antibodies  (lower  panel).  The  data  shown  are  the  mean  values  (+SEM)  of  six  (e) 
or  four  (0  experiments  done  in  duplicate.  B)  In  vitro  kinase  assays  were  performed  to  assess  the 
relative  activity  of  the  PKC  proteins  in  the  Clone  A  cells.  PKC  activity  was  assayed  on  a  FLAG 
immunoprecipitate  using  Histone  H2B  as  a  substrate.  WT,  wild  type;  KI,  kinase  inactive. 

Figure  2;  Morphological  analysis  of  Clone  A  cells  transfected  with  PKC-e  and 
Clone  A  cells  that  had  been  transiently  transfected  with  the  indicated  PKC  cDNAs  were  allowed  to 
adhere  to  laminin- 1  for  45  minutes.  The  cells  were  fixed  and  stained  for  the  expression  of  the 
transfected  PKC  proteins  using  a  FLAG-specific  Ab  followed  by  a  Cy2-conjugated  anti-mouse 
antibody  as  described  in  Materials  and  Methods.  The  cells  were  visualized  by  confocal  microscopy 
(Bio-Rad).  Two  representative  images  from  each  transfection  are  shown.  A  and  B)  Cells 
transfected  with  WT-e  display  broad,  polarized  lamellae  with  extensive  membrane  ruffles.  PKC-e 
is  concentrated  in  the  membrane  ruffles  (arrows).  C  and  D)  Cells  transfected  with  Kl-e  lack 
polarized  lamellae  and  display  numerous  filipodial-like  structures  (arrowhead).  KI-e  is 
concentrated  at  the  membrane  edge  (arrows).  E  and  F)  Cells  transfected  with  WT-^  display  broad, 
polarized  lamellae  but  PKC-i^  is  not  concentrated  in  the  membrane  ruffles  (arrow).  G  and  H)  Cells 
transfected  with  Kl-i;  display  a  similar  morphology  to  the  WT-^  expressing  cells.  Bars,  lOuM. 
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Figure  3:  Videomicroscopic  analysis  of  Clone  A  cells  expressing  WT-  and  Kl-e  on 
laminin-l.  Clone  A  cells  were  co-transfected  with  a  vector  containing  GFP  and  a  vector 
containing  either  WT-  or  Kl-e.  The  transfected  cells  were  plated  on  a  laminin- 1  substrate  and  GFP 
positive  cells  were  analysed  by  time-lapse  videomicroscopy.  Images  were  obtained  using  a  Nikon 
Diaphot  300  inverted  microscope  with  phase  contrast  optics.  This  microscope  was  connected  to  a 
CCD  camera  (Dage-MTI),  a  frame-grabber  (Scion)  and  a  G3  Power  Macintosh  computer  to  capture 
the  images.  A)  Clone  A  cells  expressing  WT-e  form  polarized,  leading  edge  lamellae  with 
membrane  ruffles  (white  arrow)  and  these  cells  migrate  in  the  direction  of  lamellae  formation.  B) 
Clone  A  cells  expressing  Kl-e  form  small,  non-polarized  lamellae  that  are  less  stable  than  the 
lamellae  formed  by  the  WT-expressing  Clone  A  cells  (arrowhead).  The  cells  expressing  Kl-e  also 
exhibit  defects  in  the  retraction  of  cell  processes  (arrow). 

Figure  4:  Analysis  of  PKC  involvement  in  invasion  of  MDA-MB-435/p4  cells  by 
transient  transfection.  A)  MDA-MB-435/p4  cells  were  assayed  for  their  ability  to  invade 
Matrigel  after  transient  transfection  with  PKC  cDNAs.  Cells  were  transiently  transfected  with  lug 
pCS2-(n)p-gal  and  4ug  of  either  the  vector  alone,  WT-e,  Kl-e,  T566A-8,  WT-^,  or  KI-  C- 
Transfected  cells  (10^)  were  added  to  the  upper  wells  of  Matrigel-coated  Transwell  chambers  and 
conditioned  3T3-media  was  added  to  the  bottom  wells.  After  5  hrs  at  37°C,  the  cells  that  had  not 
invaded  were  removed  and  the  cells  that  had  invaded  to  the  lower  surface  of  the  filters  were  fixed, 
stained,  and  quantitated  as  described  in  hdaterials  and  Methods.  Expression  of  the  transfected 
proteins  was  detected  by  immunoprecipitating  with  a  FLAG-specific  mAb  and  then 
immunoblotting  with  PKC-isoform-specific  antibodies  (lower  panel).  The  data  shown  are  the 
mean  values  (±SEM)  of  six  (WT-e  and  Kl-e)  or  four  (T566A-e,  WT-^  and  KI-Q  experiments  done 
in  triplicate.  WT,  wild  type;  KI,  kinase  inactive.  B)  In  vitro  kinase  assays  were  performed  to 
assess  the  relative  activity  of  the  PKC  proteins  in  the  MDA-MB-435/p4  cells.  PKC  activity  was 
assayed  on  a  FLAG  immunoprecipitate  using  Histone  H2B  as  a  substrate.  C)  Total  cell  extracts 


21 


from  Clone  A  and  MDA-MB-435/|i4  cells  containing  equivalent  amounts  of  protein  were  resolved 
by  SDS-PAGE,  transferred  to  nitrocellulose,  and  immunoblotted  with  PKC-e  specific  antibodies. 
A  low  level  of  PKC-e  expression  was  detected  in  the  Clone  A  cells  in  comparison  to  the  level  of 
PKC-e  protein  detected  in  the  MDA-MB-435/|34  cells. 
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The  differentiation  and  function  of  mammary  epithelial  cells  is  dependent  upon  the  combined 
action  of  growth  factor/hormone  receptors  and  integrin  receptors,  which  act  in  concert  to 
control  the  signals  required  for  normal  cell  function.  It  is  now  becoming  clear  that  integrin 
receptors  also  contribute  to  carcinoma  cell  behavior  and  that  alterations  in  expression  and 
function  during  transformation  have  a  large  impact  on  breast  carcinoma  progression.  The  focus 
of  this  review  is  to  discuss  integrin-dependent  functions  that  can  be  manipulated  as  targets 
for  the  therapeutic  intervention  of  breast  cancer.  A  combination  of  correlative  and  mechanistic 
studies  have  contributed  to  the  identification  of  specific  integrin  receptors,  namely  a2pi, 
a6pl,  and  a6p4,  implicated  in  breast  carcinoma  progression.  Although  this  field  is  still 
emerging  and  much  remains  to  be  learned,  potential  integrin-dependent  signaling  targets  have 
been  identified. 


KEY  WORDS:  Integrin  receptors;  invasion;  breast  carcinoma;  phosphoinositide  3-OH  kinase;  extracellu¬ 
lar  matrix. 


INTRODUCTION 

The  integrins  are  a  family  of  cell-cell  and  cell- 
extracellular  matrix  receptors  that  play  important  roles 
in  many  cellular  functions  (1 ).  These  ap  heterodimers 
interact  with  their  extracellular  ligands  as  well  as  with 
the  intracellular  cytoskeleton  to  relay  information  in 
both  directions  across  the  plasma  membrane  (1).  In 
addition  to  their  adhesive  functions,  integrins  can  acti¬ 
vate  intracellular  signaling  pathways  that  regulate 
growth,  differentiation,  cell  motility,  and  gene  expres¬ 
sion  (2,3).  Many  of  the  signaling  pathways  that  have 
been  characterized  for  growth  factor  receptors  can  also 
be  stimulated  by  integrin  receptor  engagement.  In  fact, 
these  two  receptor  systems  may  act  in  concert  to  elicit 
the  specific  signals  that  are  required  for  proper  cell 
function  (4).  Therefore,  it  is  not  surprising  that  alter- 
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ations  in  integrin  expression  and  function  during  trans¬ 
formation  are  likely  to  have  a  large  impact  on 
carcinoma  progression  (5,6).  The  goal  of  this  review 
is  to  identify  specific  integrins  and  integrin -regulated 
signaling  pathways  that  can  be  manipulated  as  targets 
for  therapeutic  intervention  of  breast  cancer.  As  will 
be  evident,  this  is  an  emerging  area  and  much  remains 
to  be  learned  about  integrin  function  in  breast  carci¬ 
noma,  as  well  as  other  carcinomas.  However,  the  avail¬ 
able  data  highlight  the  potential  importance  of  integrins 
in  breast  cancer  and,  hopefully,  the  themes  that  emerge 
from  this  review  will  provide  a  framework  upon  which 
future  investigations  can  continue  to  build. 


INTEGRIN  EXPRESSION  IN  THE  NORMAL 
BREAST 

An  understanding  of  integrin  expression  and  func¬ 
tion  in  the  normal  breast  provides  a  foundation  to  study 
these  parameters  in  breast  cancer  progression.  It  should 
be  noted  at  the  outset  that  there  are  several  caveats  to 
using  integrin  expression  data  to  develop  models  by 
which  integrins  contribute  to  cellular  function.  Most 
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importantly,  the  expression  of  a  particular  integrin  does 
not  conllrm  that  this  receptor  is  functional.  There  are 
numerous  examples  of  inactive  integrins  that  require 
exogenous  stimuli  to  activate  binding  to  their  ligands 
( I ).  Furthermore,  we  do  not  at  present  know  what  level 
ol  expression  is  sufficient  for  an  integrin  receptor  to 
alter  cellular  (unction.  Nonetheless,  identifying  the 
repertoire  ol  integrins  that  arc  expressed  in  a  given 
tissue  is  a  starting  point  IVom  which  to  develop  more 
mechanistic  studies.  A  number  of  investigators  have 
examined  the  expression  of  integrin  subunits  in  the 
normal  mammary  gland  using  immunohistochemistry 
and  a  general  concensus  has  emerged  (Tabic  I). 

The  mammary  epithelium  is  composed  of  two 
major  cell  types,  myoepithelial  and  luminal  epithelial 
cells.  These  cells  have  unique  functions  that  are 
rcllectcd  in  their  expression  of  integrin  receptors.  Myo¬ 
epithelial  cells  of  the  breast  express  the  al,  a2,  a3, 
a5,  av,  a6,  p  1 ,  and  P4  subunits  (7-10).  These  integrin 
subunits  arc  polarized  primarily  at  the  basal  surface 
where  interactions  with  their  extracellular  matrix 
ligands  occur.  Luminal  epithelial  cells  express  a  similar 
panel  of  integrin  subunits,  albeit  at  lower  levels  than 
observed  for  myoepithelial  cells  (8,9).  Interestingly, 
the  alpl  integrin,  which  is  expressed  primarily  in 
smooth  muscle  cells,  is  expressed  only  in  myoepithe¬ 
lial  cells  of  the  breast  and  rcficcts  their  contractile 
nature  (11).  The  al  subunit  is  expressed  at  the  onset 
ol  myoepithelial  cell  differentiation  and  its  expression 
is  maintained  throughout  development  and  in  the  adult. 
Thcrelbre,  the  alpl  integrin  may  contribute  to  the 
maintenance  of  the  smooth  muscle  differentiation  of 
this  specialized  epithelial  layer  (11).  The  fact  that 
breast  carcinomas  rarely  arise  IVom  the  myoepithelium 
and  the  observation  that  a  I  p  I  is  not  expressed  in  most 
breast  carcinomas  discount  a  role  for  this  integrin  in 
the  pathogenesis  of  breast  cancer. 


Myoepithelial  cells  also  express  the  a6p4  inte¬ 
grin,  a  receptor  for  members  of  the  laminin  family  of 
extracellular  matrix  proteins,  at  much  higher  levels 
than  luminal  epithelial  cells  (8,9).  The  a6p4  integrin 
is  localized  on  the  basal  surface  of  myoepithelial  cells 
within  discreet,  adhesive  structures,  termed  hemides- 
mosomes,  which  arc  responsible  for  the  stable  adhesion 
of  epithelial  monolayers  to  the  underlying  basement 
membrane  ( 1 2-16).  In  these  structures,  the  a6p4  inte¬ 
grin  interacts  with  the  cytokeratin  cytoskelcton 
(15,16).  Although  hemidesmosomes  were  originally 
characterized  in  stratified  epithelia,  both  myoepithelial 
and  luminal  mammary  epithelial  cells  form  hemides¬ 
mosomes  at  sites  ol  attachment  to  the  basement  mem¬ 
brane  (17).  In  the  luminal  cell  layer,  a  higher  level  of 
P4  expression  is  found  in  the  aveolar  luminal  cells 
than  in  the  ductal  luminal  cells,  a  pattern  that  rcficcts 
the  more  frequent  contact  of  these  cells  with  the  base¬ 
ment  membrane  (II). 


The  differentiation  and  function  of  the  mammary 
gland  is  dependent  upon  the  concerted  action  of  both 
soluble  factors,  such  as  hormones  and  growth  factors, 
and  insoluble  (actors,  such  as  extracellular  matrix  pro¬ 
teins  (18,19).  A  classic  example  is  the  requirement  in 
vitro  of  certain  normal  mammary  cells  to  be  grown  in 
the  presence  ol  laminin- 1  and  lactogenic  hormones  to 
dilicrentiate  and  express  milk  protein  genes  (20).  The 
dependence  of  these  cells  on  laminin  is  mediated 
through  pi  integrin  receptors  (21).  Detailed  sludes 
have  been  performed  to  examine  this  cooperative 
effect.  One  mechanism  by  which  matrix  interactions 
regulate  milk  protein  synthesis  is  indirect  and  it 
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Table  I.  Summary  of  Integrin  Expression  and  Function 


Integrin 

receptor 

Myoepithelial 

Luminal 

epithelial 

Invasive 

carcinoma 

Proposed  function  in  carcinoma 

(X\^\ 

-f -H 

- 

Not  expressed 

a2pi 

+  + 

-t- 

+/- 

Regulates  epithelial  differentiation 

a3pi 

-l--h 

-1- 

+/- 

aSpi 

+ 

+/- 

7 

a6pl 

+  +  -I- 

-1- 

Promotes  gnm'th  and  survival 

ttvp? 

+ 

+/- 

?  (The  association  of  av  with  pi,  p.L  p5.  or  p6  has  not  been  clearly  established) 

a6p4 

+  + 

-f- 

Promotes  invasion 

Integrin  Function  in  Breast  Carcinoma  Progression 

involves  the  transcriptional  control  of  inhibitors  of 
milk  protein  genes.  The  expression  of  TGF-pl  and 
TGF-a,  which  inhibit  the  transcription  of  (S-casein  and 
whey  acidic  protein,  is  strongly  inhibited  by  integrin- 
dependent  interactions  with  the  extracellular  matrix 
(22,23).  Another  mechanism  of  cooperativity  is  shown 
in  prolactin  stimulation  of  transcription  of  P-lactoglob- 
ulin  mRNA  through  activation  of  the  transcription  fac¬ 
tor,  Stat5.  In  the  absence  of  laminin- 1,  Stat5  binding 
activity  for  the  (3-lactoglobulin  gene  is  not  induced 
(24).  In  fact,  prolactin  does  not  induce  phosphorylation 
of  its  receptor  or  the  associated  signaling  kinase,  Jak2, 
unless  the  cells  interact  with  laminin- 1,  an  effect  that 
may  be  controlled  through  integrin  regulation  of  a 
protein  tyrosine  phosphatase(s)  (25).  These  examples 
of  cooperativity  between  integrins  and  growth  factors/ 
hormones  emphasize  the  contribution  of  integrin 
receptors  to  the  normal  biology  of  mammary  epithe¬ 
lial  cells. 

It  is  well  documented  that  disregulation  of  growth 
factor  receptor  signaling  pathways,  either  through 
changes  in  expression  levels  or  oncogenic  activation, 
contributes  to  breast  cancer  progression  (26).  Given 
the  complex  nature  of  the  relationship  between  these 
two  receptor  systems,  it  is  not  surprising,  therefore, 
that  alterations  in  either  the  expression  or  function  of 
integrin  receptors  also  disturb  the  balance  required  for 
normal  differentiation  and  promote  tumor  progression. 

INTEGRIN  EXPRESSION  AND  FUNCTION 
IN  BREAST  CARCINOMA 

The  contributions  of  integrin  receptors  to  breast 
carcinoma  progression  have  been  investigated  in 
numerous  immunohistochemical  studies,  as  well  as 
in  more  recent  mechanistic  studies  (Table  I).  When 
reviewing  the  data  on  integrin  expression  in  breast 
cancer  it  is  important  to  keep  in  mind  that  breast  cancer 
arises  primarily  from  luminal  epithelial  cells  and  very 
rarely  from  cells  of  the  myoepithelial  lineage  (27).  In 
the  normal  breast,  intense  staining  for  many  of  the 
integrin  subunits  is  seen  concentrated  at  the  basement 
membrane  in  the  myoepithelial  layer,  as  mentioned 
above  (28).  In  invasive  carcinomas,  this  cell  layer  is 
most  often  absent  and  the  expression  of  integrin  sub¬ 
units  on  the  surface  of  carcinoma  cells  is  diffuse.  This 
staining  pattern  has  led  to  the  erroneous  assumption 
that  there  is  an  overall  decrease,  or  absence,  of  integrin 
expression  in  breast  carcinoma.  Although  the  expres¬ 
sion  of  some  integrin  subunits  is  decreased,  it  is  clear 
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from  many  in  vitro  and  in  vivo  studies  that  integrin 
receptors  are  expressed  in  breast  adenocarcinomas  and 
that  they  contribute  significantly  to  the  pathobiology 
of  breast  cancer.  The  integrin  receptors  that  have  been 
most  clearly  implicated  in  breast  cancer  progression 
are  a2[51  and  the  a6  integrins  (a6pi  and  a6(34). 

THE  a2pl  INTEGRIN 

The  a2pi  integrin  is  a  dual-specificity  receptor 
that  recognizes  collagens  I  and  IV  and  members  of 
the  laminin  family  (1).  The  a2  subunit  is  expressed 
basally  as  well  as  laterally  in  luminal  epithielial  cells 
(8,10).  In  the  latter  location,  it  may  contribute  to  cell¬ 
cell  interactions  as  it  has  been  suggested  to  do  in  other 
epithelial  cell  types  (29).  The  expression  of  a2(31  is 
maintained  in  benign  breast  lesions  such  as  fibrocystic 
disease  or  fibroadenomas  (8,10).  However,  the  expres¬ 
sion  level  of  a2(31  decreases  with  the  differentiation 
status  of  breast  adenocarcinomas.  Specifically,  poorly 
differentiated  adenocarcinomas  express  very  low,  or 
undetectable  levels  of  a2(3 1  while  moderately  differen¬ 
tiated  adenocarcinomas  express  intermediate  levels 
(10,30).  These  correlative  studies  suggest  that  the 
a2pl  integrin  is  important  for  maintaining  differentia¬ 
tion  and  controlling  proliferation  of  the  breast  epithe¬ 
lium  and  that  its  loss  is  essential  for  the  progression 
to  invasive  carcinoma. 

The  possibility  that  a2pi  contributes  to  mam¬ 
mary  epithelial  differentiation  has  been  addressed  more 
vigorously  by  studies  in  which  the  contribution  of  the 
a2pi  receptor  to  breast  carcinoma  function  has  been 
examined  in  vitro,  as  well  as  in  in  vivo  model  systems. 
Downregulation  of  a2  subunit  expression  in  a  well- 
differentiated  breast  carcinoma  cell  line  using  anti- 
sense  oligonucleotides  resulted  in  a  transition  from  a 
contact-inhibited  epithelioid  morphology  to  a  more 
mesenchymal,  fibroblastic  morphology  indicative  of  a 
poorly  differentiated  carcinoma  (31).  Conversely,  re¬ 
expression  of  a2  in  a  poorly  differentiated,  invasive 
breast  carcinoma  cell  line  caused  the  cells  to  regain 
their  contact  inhibition,  form  cell-cell  contacts,  and 
diminish  their  in  vitro  invasive  potential  (32).  More 
importantly,  the  in  vivo  tumorigenicity  of  the  a2- 
expressing  cells  was  dramatically  reduced  (32).  Taken 
together,  these  results  support  a  role  for  a2pi  in  regu¬ 
lating  the  differentiation  of  the  breast  epithelium  and 
suppressing  tumorigenicity  and  invasion.  The  signal¬ 
ing  pathways  that  are  activated  by  the  a2pl  integrin 
to  promote  mammary  epithelial  differentiation  have 
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not  been  identified.  However,  the  information  gained 
from  these  analyses  should  contribute  greatly  to  our 
understanding  of  the  early  stages  of  breast  carci¬ 
noma  progression. 

Interestingly,  the  mechanism  by  which  the  cx2(il 
integrin  modulates  differentiation  may  be  related,  in 
part,  to  the  up-regulation  of  the  a6  and  (34  integrin 
subunits.  The  expression  of  these  two  subunits,  but 
not  other  integrin  subunits,  was  significantly  enhanced 
when  the  a2  subunit  was  overexpressed  in  poorly  dif¬ 
ferentiated  breast  carcinoma  cells  (33).  When  either 
the  a6  or  (34  subunit  was  overexpressed  independently 
of  the  a2  subunit  many,  but  not  all,  of  the  differentiated 
characteristics  that  were  observed  for  the  a2  transfec- 
tants  were  recapitulated  (33).  For  example,  the  a6  and 
34  iransfectants  became  contact  inhibited  and  their 
growth  was  diminished,  but  they  did  not  form  highly 
branched,  duct-like  structures  when  grown  within  a 
collagen  gel.  In  addition,  the  cx6  and  34  iransfectants 
were  more  invasive  in  vitro  than  the  parental  cell  line 
contrasting  with  decreased  invasion  observed  for  the 
a2  Iransfectants.  This  involvement  of  the  a634  recep¬ 
tor  in  carcinoma  invasion  is  discussed  later. 

THE  a6pl  INTEGRIN 

There  are  conllicting  data  in  the  literature  with 
regard  to  the  expression  of  the  a6  subunit  in  breast 
carcinoma.  As  with  the  a231  receptor,  the  level  and 
the  pattern  of  expression  of  the  ot6  subunit  in  benign 
lesions  such  as  fibrocystic  disease  and  fibroadenomas 
arc  similar  to  those  observed  for  the  normal  mammary 
gland  (8).  ot6  expression  is  strongest  in  the  myoepithe¬ 
lial  cells  and  the  staining  is  predominantly  polari/cd 
at  the  basal  surface  in  contact  with  the  basement  mem¬ 
brane.  However,  disagreements  arise  about  the  analysis 
of  expression  levels  of  the  a6  subunit  in  adenocarcino¬ 
mas  of  the  breast.  A  loss  or  absence  of  a6  staining 
in  poorly  differentiated  invasive  ductal  and  lobular 
carcinomas  has  been  described  in  several  studies  (34- 
36).  In  contrast,  other  reports  suggest  that  a6  expres¬ 
sion  is  retained  in  many  breast  adenocarcinomas  and 
the  localization  of  expression  suggests  an  important 
role  in  malignancy  (7,8,37).  For  example,  consistent 
staining  of  the  ot6  subunit  in  pscudopodial-like  exten¬ 
sions  of  invasive  lobular  carcinoma  suggests  a  possible 
role  lor  this  integrin  in  the  motile  phenotype  of  these 
cells  (7,8). 

One  difficulty  in  assessing  the  importance  of  inlc- 
grin  receptors  to  breast  carcinoma  progression  based 


upon  expression  patterns  alone  is  that  the  data  arc  not 
usually  correlated  with  patient  outcome  or  survival. 
However,  Imhof  and  colleagues  reported  that  high 
expression  of  the  a6  subunit  in  women  with  breast 
cancer  correlated  significantly  with  reduced  survival 
times  (37).  In  their  analysis  of  1 19  patients  with  inva¬ 
sive  breast  carcinoma,  all  of  the  patients  with  low  or 
absent  a6  expression  survived  while  the  mortality  rate 
of  the  patients  with  a  high  level  of  a6  expression  was 
19%.  These  correlations  with  survival  were  stronger, 
in  fact,  than  those  observed  with  estrogen  receptor 
status.  Of  note,  30  out  of  34  of  the  patients  who  pre¬ 
sented  with  distant  mclastases  were  highly  positive  for 
a6  expression.  Taken  together,  these  analyses  provide 
strong  support  for  a  role  tor  a6  containing  integrin 
receptors  in  the  promotion  of  metastatic  breast  cancer. 

It  must  be  remembered  that  the  a6  subunit  can 
associate  with  both  the  3*  and  34  subunits  to  form 
the  0631  and  a634  receptors  (1).  The  results  from 
the  Imhof  study  do  not  distinguish  between  these  two 
combinations  leaving  open  the  question  of  whether 
one  or  the  other,  or  both,  arc  responsible  for  promoting 
the  metastatic  potential  of  breast  carcinoma.  Recently, 
results  of  a  similar  study  examining  the  coiTclation 
of  34  expression  with  survival  rates  of  breast  cancer 
patients  were  reported.  Patients  with  tumors  that 
expressed  both  the  34  subunit  and  specific  laminins, 
ligands  for  both  ct63I  and  a634,  had  increased  mortal¬ 
ity  rates  (38).  This  study  highlights  an  additional  caveat 
in  the  use  of  expression  data  alone  to  interpret  integrin 
function,  i.e.,  if  the  appropriate  extracellular  matrix 
ligand  is  not  present,  integrin  receptors  may  be 
expressed  but  not  functional.  Although  the  findings 
support  the  invoivcmenlof  a634  in  tumor  progression, 
they  do  not  negate  a  role  fora631  because  immunohis- 
tochemical  analyses  cannot  distinguish  relative  levels 
of  0631  and  0634  on  the  cell  surface.  Fortunately, 
this  important  question  is  being  addressed  in  several 
mechanistic  studies  and  it  appears  that  both  the  a63i 
and  a634  integrins  can  play  important  roles  in  breast 
cancer  progression. 

To  address  the  contribution  of  the  a63I  receptor 
to  breast  cancer,  a  dominant-negative  technique  for 
‘knocking-out'  the  expression  of  a63i  in  MDA-MB- 
435  cells,  a  human  breast  carcinoma  cell  line  that  is 
highly  metastatic  in  athymic  mice,  was  developed  (39). 
A  mutant  34  cDNA  that  lacked  most  of  the  cytoplasmic 
domain  was  transfected  into  the  MDA-MB-435  cell 
line,  which  docs  not  express  the  34  subunit.  The  trun¬ 
cated  34  subunit  acted  as  a  dominant  negative  by 
associating  with  the  endogenous  a6  and  depleting 
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functional  a6pi  on  the  cell  surface.  Elimination  of 
a6(31  expression  inhibited  the  ability  of  these  cells 
to  mediate  specific  in  vitro  functions  associated  with 
metastatic  spread  such  as  laminin- 1  adhesion  and 
migration  (39),  When  these  cells  were  inoculated  into 
the  mammary  fat  pad  of  nude  mice,  primary  tumor  size 
was  significantly  diminished  because  of  a  combined 
decrease  in  proliferation  and  increase  in  apoptosis  (40). 
More  importantly,  the  abpi  deficient  cells  could  not 
survive  as  secondary  metastases  in  the  lungs  or  liver 
because  they  underwent  apoptosis  (40).  Taken 
together,  these  data  indicate  that  the  a6pi  integrin 
contributes  to  breast  carcinoma  progression  by  promot¬ 
ing  the  growth  and  survival  of  breast  carcinomas.  It 
should  be  noted  that  the  a6(31  receptor  has  also  been 
implicated  in  the  binding  of  breast  carcimoma  cells  to 
the  endothelium,  a  function  that  could  also  contribute 
to  its  promotion  of  metastasis  (41). 

The  specific  signaling  pathways  that  are  regulated 
by  a6  to  promote  the  growth  and  survival  of  mammary 
carcinoma  cells  could  be  important  targets  for  inhibi¬ 
tors  of  metastasis.  Although  these  pathways  remain  to 
be  elucidated,  a  clue  may  be  found  in  a  recent  report 
that  described  a  role  for  the  a6pl  receptor  in  the 
survival  of  normal  mammary  epithelial  cells  (42). 
These  cells  require  both  a6pi  ligation  and  insulin  or 
insulin-like  growth  factor- 1  (IGF-1)^  to  prevent 

apoptosis  when  they  are  grown  in  vitro.  Ligation  of 
a6pl  does  not  influence  the  phosphorylation  of  the 
growth  factor  receptors  but  it  does  increase  the  activa¬ 
tion  of  downstream  signaling  molecules  including  the 
insulin  receptor  substate- 1,  the  lipid  kinase  phospho- 
inositide  3-OH  kinase  (PI3K),  and  the  serine/threonine 
kinase  Akt/PKB.  Activation  of  PI3K  was  essential  for 
the  survival  effect.  This  finding  adds  to  the  growing 
number  of  studies  that  support  the  contribution  of  PI3K 
and  Akt/PKB  to  the  survival  of  many  different  cells 
(43-45).  With  regard  to  the  survival  of  breast  carci¬ 
noma  cells,  the  discovery  that  a6(31  cooperates  with 
IGF-1  to  promote  survival  is  intriguing  because  the 
IGF-1  receptor  has  been  implicated  in  the  survival  of 
many  different  tumor  cell  types,  including  breast  (46). 
It  is  not  unlikely  that  a  pathway  involved  in  normal 
cell  function  would  be  utilized  by  transformed  cells 
and  this  possibility  warrants  further  investigation. 


^  Abbreviations:  insulin-like  growth  factor- 1  (IGF-1);  phosphoino- 
sitide  3-OH  kinase  (PI3K);  intracellular  cAMP  concentration 
([cAMP]i);  epidermal  growth  factor  receptor  (EGFR). 
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THE  a6p4  INTEGRIN 

The  role  of  the  a6(34  integrin  in  breast  carcinoma 
progression  is  a  complex  one  and  represents  the  best 
example  of  how  difficult  it  is  to  understand  the  contri¬ 
bution  of  an  integrin  receptor  to  carcinoma  progression 
based  upon  expression  data  alone.  In  normal  epithelial 
cells,  the  a6p4  integrin  participates  in  the  formation 
of  hemidesmosomes,  very  stable,  adhesive  structures 
that  are  not  conducive  to  cell  motility  (15,16,47,48). 
For  this  reason,  it  had  long  been  thought  that  a  loss 
of  p4  expression  would  be  necessary  for  the  acquisition 
of  the  motile  phenotype  characteristic  of  invasive  car¬ 
cinomas.  In  fact,  many  of  the  early  immunohistochem- 
ical  reports  supported  this  hypothesis  because  a 
decrease  in  P4  expression  was  detected  (49),  In  con¬ 
trast,  as  mentioned  previously,  more  recent  studies 
have  demonstrated  p4  expression  in  aggressive  breast 
carcinomas  (38),  as  well  as  many  other  types  of  carci¬ 
noma  (49). 

The  mechanism  by  which  the  a6p4  integrin  con¬ 
tributes  to  breast  carcinoma  progression  has  been 
addressed  by  de  novo  expression  of  the  P4  subunit  in 
cell  lines  that  express  a6pi  and  not  a6p4.  When  the 
(34  subunit  was  transfected  into  the  MDA-MB-435 
cell  line,  a  threefold-fourfold  increase  in  the  in  vitro 
invasive  potential  of  these  cells  was  observed  (50).  As 
mentioned  previously,  this  increase  in  invasion  was 
also  observed  when  p4  was  overexpressed  in  a  murine 
mammary  carcinoma  cell  line  (33).  Similar  increases 
in  invasion  after  a6p4  expression  have  been  reported 
for  a  colon  carcinoma  cell  line,  RKO  (51).  The  appar¬ 
ent  paradox  in  a6p4  function  in  normal  epithelia  and 
carcinomas  has  been  resolved  by  the  recent  demonstra¬ 
tion  that  the  a6p4  receptor  can  interact  with  the  actin 
cytoskeleton  in  invasive  carcinoma  cells  and  that  a6(34 
contributes  to  the  formation  of  motility  structures  such 
as  filopodia  and  lamellae  in  these  cells  (52).  The  con¬ 
census  from  these  data  is  that  the  a6(34  receptor  con¬ 
tributes  to  carcinoma  progression  through  its  ability 
to  promote  motility  and  invasion. 

The  data  implicating  a6(34  in  invasion  support 
the  role  of  this  integrin  as  a  tumor  promoter.  However, 
this  conclusion  is  contradicted  by  the  finding  that 
expression  of  the  (34  subunit  in  the  RKO  colon  carci¬ 
noma  cell  line  also  resulted  in  an  increase  in  cell  death 
(53).  These  tumor-promoting  and  tumor-suppressing 
activities  of  a6^4  could  conflict  with  one  another  and 
complicate  the  understanding  of  a6(34  function  in  car¬ 
cinoma  progression.  Interestingly,  an  increased  level 
of  apoptosis  was  not  observed  in  the  MDA-MB-435/ 
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34-translcctcd  cells  (54).  Further  analysis  of  the  differ¬ 
ences  between  the  RKO  and  MDA-MB-435  cells  has 
revealed  that  they  differ  in  their  p53  status:  RKO  cells 
express  wild  type  p53  whereas  MDA-MB435  cells 
express  mutant  p53  (54,55).  After  expression  of  a  dom¬ 
inant  negative  p53  mutant  in  the  RKO  cells,  the  ability 
of  a6p4  to  enhance  apoptosis  was  abolished  (54). 
These  exciting  findings  underscore  the  fact  that  inte- 
grin  expression  alone  cannot  be  used  to  assess  function 
because  the  regulation  and  signaling  capabilities  of 
these  receptors  are  infiuenced  by  many  other  factors. 

Based  on  our  knowledge  to  date,  a  model  for 
a6p4  function  in  breast  carcinoma  progression  can  be 
proposed.  An  initial  decrease  in  a6(34  expression,  or 
altered  a6p4  function,  may  be  required  for  the  early 
stages  of  tumor  development  if  p53  is  still  functional. 
In  the  absence  ol  p53  activity,  re-expression  or  activa¬ 
tion  of  a634  may  promote  carcinoma  progression  by 
enhancing  the  invasive  phenotype  and  metastasis.  One 
intriguing  study  in  which  a  primary  tumor  that  was 
a6p4  deficient  and  an  autologous  lymph  node  lesion 
that  was  a6^4  positive  were  both  identified  is  consis¬ 
tent  with  this  model  (35). 

Given  a  role  tor  a6p4  in  carcinoma  invasion,  it 
is  imperative  to  determine  the  mechanism  involved 
so  that  methods  for  intervention  can  be  developed. 
Investigation  of  the  signaling  pathways  involved  in 
the  a6p4-dependent  promotion  ol'  invasion  revealed 
that  PI3K  activity  was  required  for  invasion  (50).  In 
keeping  with  this  requirement,  a6(34  activated  PI3K 
to  a  greater  extent  than  a6pi  or  other  (31  integrins 
(50).  The  importance  of  PI3K  to  carcinoma  invasion 
was  confirmed  by  the  ability  of  a  constitutively  active 
PI3K  to  promote  MDA-MB-435  invasion  in  the 
absence  of  ot6p4  expression,  and  conversely,  a  domi¬ 
nant  negative  PI3K  p85  subunit  to  inhibit  a6(34-depen- 
dent  invasion  (50).  The  involvement  of  PI3K  in  breast 
carcinoma  invasion  was  also  demonstrated  in  an  inde¬ 
pendent  study  in  which  the  invasive  potential  of  T47D 
breast  carcinoma  cells  was  diminished  by  inhibitors 
of  PI3K  signaling  (56).  Taken  together,  the  data  impli¬ 
cating  the  activity  of  PI3K  in  both  a6(31  and  a6(34- 
dependent  functions  support  a  central  role  for  this 
kinase  and  its  lipid  products  in  breast  carcinoma  pro¬ 
gression  and  highlight  the  need  to  investigate  this  sig¬ 
naling  pathway  in  more  detail  for  its  therapeutic 
potential. 

In  addition  to  PI3K  itself,  downstream  effectors 
that  mediate  the  action  of  PI3K  could  al.so  be  targets 
lor  therapy.  One  such  molecule  that  has  been  shown 
to  be  essential  lor  PI3K-dcpcndent  invasion  is  the  small 
G-protcin  Rac  (50).  Rac  belongs  to  the  Rho  small  G- 


protein  family,  the  members  of  which  participate  in 
modilication  ol  the  actin  cytoskcleton  in  response  to 
many  stimuli  (57).  In  fibroblasts,  expression  of  consti¬ 
tutively  active  Rac  results  in  the  formation  of  mem¬ 
brane  ruflles  and  lamellipodia,  structures  that  arc 
indicative  ol  a  motile  phenotype  (57).  In  carcinoma 
cells,  lamellae  formation  is  al.so  dependent  upon  PI3K 
activity  and  Rac  is  essential  for  this  function  (50). 
However,  Rac  alone  is  not  sufficient  to  promote  the 
invasion  ol  MDA-MB-435  cells  indicating  that  other 
downstream  cl  lectors  ol  a6(34  and  PI3K  arc  required. 
In  contrast,  expression  of  constitutively  active  Rac, 
and  also  Cdc42,  increased  the  invasive  potential  of 
T47D  breast  carcinoma  cells  in  the  absence  of  other 
stimuli  (56).  Although  many  factors  could  differ 
between  these  two  carcinoma  cell  lines,  a  plausible 
explanation  for  this  discrepancy  could  be  related  to 
their  level  of  differentiation.  MDA-MB-435  cells  arc 
poorly  dillerentiatcd  and  they  do  not  express  E-cadh- 
crin  or  lorm  cell-cell  interactions  (58).  In  contrast, 
T47D  cells  arc  more  well  differentiated  and  maintain 
cell-cell  adhesion  through  E-cadherin  interactions (58). 
In  normal  epithelial  cells,  E-cadherin-mediated  cell- 
cell  interactions  can  be  modified  by  the  action  of  Rho 
family  members  on  the  actin  cytoskcleton  (59).  Thcrc- 
lorc,  given  the  large  amount  of  data  conclating  the 
loss  of  E-cadherin  with  increased  cell  motility  (60,61), 
this  could  be  the  mechanism  by  which  Rac  and  Cdc42 
increase  the  invasion  of  T47D  cells.  Nevcnhelcss,  in 
both  .systems  Rac  plays  an  important  role  in  the  inva¬ 
sive  phenotype  and  it  should  be  considered  an 
important  candidate  for  the  development  of  inhibitors 
of  invasion. 

Akt/PKB  is  a  another  downstream  effector  of 
P13K  that  is  a  potential  target  for  the  inhibition  of 
carcinoma  progression.  In  the  absense  of  Akt/PKB 
I  unction,  cells  undergo  apoptosis  upon  growth  factor 
withdrawal  or,  in  the  case  ol  epithelial  cells,  upon 
detachment  from  the  ECM  (43-45).  Akt/PKB  function 
is  also  required  lor  the  survival  of  transformed  cells 
(43).  As  described  earlier,  Akt/PKB  activation  may 
play  a  role  in  the  0d6pi -dependent  survival  of  breast 
carcinoma  cells  and,  therefore,  inhibition  of  this  PI3K 
effector  would  decrease  their  ability  to  metastasize.  Of 
note,  Akt/PKB  function  is  not  required  for  carcinoma 
invasion  even  though  it  is  activated  by  a6p4  (50). 
This  observation  suggests  that  the  PI3K  effectors  that 
arc  involved  in  invasion  arc  distinct  from  those 
involved  in  survival.  Given  that  carcinoma  progression 
involves  both  tumor  cell  invasion  and  survival,  disrup¬ 
tion  of  either  the  Rac  or  Akt/PKB  pathways  should 
limit  the  development  of  mctastascs. 


Integrin  Function  in  Breast  Carcinoma  Progression 

The  ability  of  a6p4  to  promote  invasion  does  not 
depend  on  PI3K  activation  alone  but  involves  other 
signaling  pathways  as  well.  The  recent  demonstration 
that  a6p4  stimulates  the  chemotactic  migration  and 
invasion  of  breast  carcinoma  ceils  by  suppressing  the 
intracellular  cAMP  concentration  ([cAMP];)  through 
the  activation  of  a  cAMP-specific  phosphodiesterase 
(62)  provides  an  additional  target  for  intervention.  The 
decreased  [cAMPJj  allows  the  propagation  of  chemo¬ 
tactic  signals  that  would  otherwise  be  inhibited,  or 
“gated”,  at  higher  [cAMP]i  Although  there  have  been 
reports  of  cAMP  regulating  PI3K  activity  and  both 
pathways  are  involved  in  lamellae  formation,  the  data 
suggest  that  a6p4  regulates  PI3K  and  the  phosphodies¬ 
terase  through  distinct  mechanisms  and  that  they  func¬ 
tion  independently  of  one  another  (50,62). 

What  is  the  mechanism  by  which  a6(34  activates 
the  signaling  pathways  that  are  important  for  carci¬ 
noma  progression?  The  (34  subunit  has  an  extremely 
long  cytoplasmic  domain  (1000  amino  acids)  com¬ 
pared  to  other  integrin  ^  subunits  (30-50  amino  acids) 
and  it  is  required  for  the  signaling  functions  of  a6^4 
(12-14,50).  Surprisingly,  very  little  is  known  about 
the  interactions  of  this  large  cytoplasmic  domain  as 
they  relate  to  its  signaling  properties  and  the  few  stud¬ 
ies  that  have  examined  the  signaling  functions  of  a634 
have  not  been  definitive.  For  example,  the  (34  cyto¬ 
plasmic  domain  is  phosphorylated  on  tyrosine,  as  well 
as  serine  and  threonine  residues  upon  clustering  or 
ligation  of  the  a6p4  receptor  (63).  However,  the  mech¬ 
anism  for  this  phosphorylation  is  unknown  and  the 
specific  residues  that  are  modified  have  not  been  iden¬ 
tified.  She  has  been  reported  to  be  phosphorylated  and 
to  associate  with  the  (34  cytoplasmic  domain  upon 
ligation  but  its  specific  binding  site  in  P4  has  not  been 
identified  (63).  In  addition,  a  direct  binding  motif  for 
the  p85  regulatory  subunit  of  PI3K  is  not  present  in 
the  P4  cytoplasmic  domain,  suggesting  that  this  lipid 
kinase  is  activated  through  intermediate  signaling  mol¬ 
ecules  (64).  It  is  clear  that  a  more  detailed  and  rigorous 
analysis  of  the  P4  subunit  is  needed  to  understand  how 
a6p4  signals  invasion.  Only  then  will  it  be  possible 
to  devise  methods  to  interfere  with  the  activation  of 
its  specific  signaling  pathways  that  contribute  to  carci¬ 
noma  progression. 


INTEGRIN  COOPERATIVITY  WITH 
GROWTH  FACTORS 

An  emerging  area  in  the  study  of  integrin  contri¬ 
butions  to  cancer  is  the  cross-talk  between  these  adhe- 
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sion  receptors  and  soluble  growth  factor  and  cytokine 
receptors  (4).  As  mentioned  previously,  in  the  normal 
breast  integrin  receptors  cooperate  with  hormones  and 
growth  factors  to  promote  mammary  epithelial  differ¬ 
entiation  and  function  (18).  An  increasing  number  of 
studies  indicate  that  integrins  also  cooperate  with  solu¬ 
ble  factors  to  promote  carcinoma  progression.  From 
these  studies,  several  mechanisms  for  cooperation  have 
been  revealed  that  may  be  useful  in  the  future  manipu¬ 
lation  of  these  pathways  to  inhibit  progression. 

Integrins  can  cooperate  with  growth  factor  recep¬ 
tors  to  enhance  their  signaling  capabilities  (4;  Fig.  1  A). 
An  example  of  this,  as  mentioned  previously,  is  the 
cooperation  of  the  a6pi  integrin  with  the  IGF- 1  recep¬ 
tor  to  activate  cell  survival  pathways  in  normal  mam¬ 
mary  epithelial  cells  (42).  Integrin  receptors  can  also 
associate  directly  with  growth  factor  receptors  to 
enhance  signaling.  One  example  that  is  especially  rele¬ 
vant  for  breast  cancer  is  the  finding  that  the  a6(31  and 
a6p4  integrins  can  associate  with  the  ErbB2  protein 
and  increase  its  signaling  functions  (65).  This  coopera¬ 
tion  between  a6p4  and  ErbB2  could  also  be  a  me¬ 
chanism  through  which  a634  activates  its  own 
downstream  signaling  pathways.  ErbB2  is  a  member 
of  the  epidermal  growth  factor  receptor  (EGFR)  family 
and  its  overexpression  in  breast  cancer  correlates  with 
a  poor  prognosis  (66).  In  vitro,  antibodies  specific  for 
ErbB2  inhibit  the  growth  of  ErbB2  overexpressing 
breast  carcinoma  cells.  The  recent  success  of  a  recom¬ 
binant,  humanized  ErbB2  antibody  (Herceptin)  in  clin¬ 
ical  trials  confirms  the  relevance  of  the  ErbB2  receptor 
as  a  therapeutic  target  (67).  It  is  intriguing,  therefore, 
to  consider  the  possibility  that  methods  to  disrupt  the 
interaction  between  a6^4  and  ErbB2,  and  interfere 
with  signaling  functions,  could  also  have  therapeutic 
potential. 

Another  mechanism  of  integrin-growth  factor 
receptor  cooperation  involves  integrin  activation  by 
growth  factors  and  cytokines  (Fig.  IB).  A  well  studied 
example  is  the  activation  of  the  av(35  integrin  by  the 
insulin-like  growth  factor  receptor  (68,69).  Breast  car¬ 
cinoma  cells  that  express  av(35  adhere  to  but  do  not 
migrate  on  vitronectin  in  vitro  unless  they  are  stimu¬ 
lated  with  IGF-1  or  insulin.  In  vivo,  these  cells  form 
tumors  in  the  absence  of  IGF-1,  however,  they  only 
metastasize  when  stimulated  with  IGF-1  or  insulin 
(68).  These  data  suggest  that  the  cooperation  between 
av^5  and  the  IGF-1  receptor  may  regulate  migration 
and  invasion  to  promote  the  metastatic  spread  of 
tumor  cells. 

A  final  intriguing  mechanism  for  cooperation 
involves  cross-talk  between  integrin  and  growth  factor 


374 


Shaw 


A. 


B. 


IGF-l 

t 


a6pi 

Integrin 


EGF  pi  Integrin 


Fig.  1.  Schematic  representation  of  cooperativiiy  between  growth 
factor  and  integrin  receptors.  (A).  Growth  factor  receptor  and  inte¬ 
grin -dependent  signals  arc  amplified  when  both  receptors  arc 
engaged.  (B).  Integrin  function  is  activated  in  response  to  growth 
factor  receptor  signaling.  (C).  Cross-talk  between  growth  factor 
and  integrin  receptors  can  regulate  the  expression  levels  of  each 
recepior. 


ment  membrane  matrix  could  be  altered  by  inhibiting 
the  function  of  cither  the  pi  integrin  subunit  or  the 
EGFR  resulting  in  a  concomrnitant  decrease  in  the 
expression  ol  the  other  (70).  The  reciprocal  modulation 
of  the  expression  of  these  receptors  was  controlled 
through  MARK  (70).  This  cross  talk  confirms  the 
notion  that  the  normal  ditterentialion  of  the  mammary 
epithelium  is  controlled  by  a  tightly  regulated  balance 
of  signaling  pathways  and  that  disruption  of  this  bal¬ 
ance  can  contribute  to  breast  carcinoma  progression. 


CONCLUSIONS 

The  purpose  of  this  review  has  been  to  examine 
the  contribution  ol  integrin  receptors  to  breast  carci¬ 
noma  progression  and  to  highlight  some  of  the  possible 
targets  of  integrin  signaling  pathways  for  therapeutic 
development.  It  is  clear  from  this  analysis  that  specific 
integrins  play  an  important  role  in  breast  cancer  and 
that  they  have  the  potential  to  be  manipulated  for  inter¬ 
vention  in  tumor  progression.  Several  key  areas  emerge 
that  deserve  further  examination.  The  cross-talk 
between  receptors  for  soluble  factors  (growth  factors, 
hormones,  and  cytokines)  and  integrin  receptors  is  an 
exciting  area  that  has  just  begun  to  be  appreciated. 
Most  likely,  more  examples  of  cooperativity  will 
emerge  and  the  challenge  will  be  to  decipher  the  mech¬ 
anisms  involved  as  well  as  the  specific  contributions 
of  each  to  cancer  progression.  With  regard  to  integrin- 
regulatcd  signaling  pathways,  there  is  solid  evidence 
to  support  a  pivotal  role  lor  PI3K  in  breast  carcinoma 
progression.  The  activation  of  this  lipid  kinase  is 
required  lor  two  essential  functions  of  progression, 
invasion  and  survival.  Understanding  how  specific 
integrin  receptors  activate  this  signaling  pathway, 
either  independently  or  in  cooperation  with  growth 
factors,  will  be  an  important  focus  in  future  studies. 
Finally,  more  detailed  and  mechanistic  analyses  of  the 
contributions  of  integrin  receptors  to  breast  carcinoma 
progression  arc  needed.  Although  strong  correlations 
between  integrins  and  breast  cancer  have  been  estab¬ 
lished,  more  work  remains  to  unravel  the  specific 
mechanisms  that  are  responsible  for  the  effects  of  these 
integrins  on  tumor  growth,  progression  and  metastasis. 


receptors  regulating  the  expression  levels  of  these 
receptors  (Fig.  1C).  The  growth  and  morphology  of  a 
breast  carcinoma  cell  line  cultured  within  a  3-D  ba.se- 
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Summary 

We  demonstrate  that  the  a6p4  integrin  promotes  car¬ 
cinoma  invasion  through  a  preferential  and  localized 
targeting  of  phosphoinositide-3  OH  kinase  (PI3K)  ac¬ 
tivity.  Stable  expression  of  a6p4  increased  carcinoma 
invasion  in  a  PI3K-dependent  manner,  and  transient 
expression  of  a  constitutively  active  PI3K  increased 
invasion  in  the  absence  of  a6p4.  Ligation  of  a6p4  stim¬ 
ulated  significantly  more  PI3K  activity  than  ligation  of 
pi  integrins,  establishing  specificity  among  integrins 
for  PI3K  activation.  a6p4-regulated  PI3K  activity  was 
required  for  the  formation  of  lamellae,  dynamic  sites 
of  motility,  in  carcinoma  cells.  The  small  G  protein  Rac 
is  required  downstream  of  PI3K  for  invasion.  These 
studies  define  a  mechanism  by  which  the  a6p4  integrin 
promotes  carcinoma  invasion  and  invoke  a  novel  func¬ 
tion  for  PI3K  signaling. 

Introduction 

Understanding  the  progression  from  carcinoma  in  situ 
to  invasive  carcinoma  is  one  of  the  most  complex  and 
challenging  problems  in  the  pathobiology  of  cancer.  Be¬ 
cause  the  biology  of  invasive  carcinoma  is  essentially 
an  aberration  of  epithelial  cell  biology,  insight  into  this 
problem  has  been  obtained  by  comparing  the  properties 
of  epithelial  and  carcinoma  cells.  Distinguishing  features 
of  epithelia  are  their  polarized  morphology,  attachment 
to  an  underlying  basement  membrane,  and  presence 
of  specialized  cell-cell  contacts  (Rodriguez-Boulan  and 
Nelson,  1989).  The  progression  to  invasive  carcinoma 
has  been  shown  to  involve  perturbations  in  these  fea¬ 
tures  resulting  in  the  acquisition  of  a  motile,  mesenchy¬ 
mal  phenotype.  This  progression  involves  alterations  in 
the  expression  and  function  of  surface  receptors  that 
maintain  the  epithelial  phenotype.  Most  notably,  inva¬ 
sive  carcinoma  is  characterized  by  a  loss  of  function  of 
cadherins,  cell-cell  adhesion  receptors  (Takeichi,  1993; 
Birchmeier  et  al.,  1 995).  Integrins,  in  contrast,  are  essen¬ 
tial  for  both  normal  epithelial  function  and  for  mediating 
dynamic  processes  associated  with  invasive  carcinoma 
such  as  migration  (Hynes,  1992).  For  this  reason,  it  is 
assumed  that  the  altered  expression  and  function  of 
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specific  integrins  contribute  significantly  to  invasive  car¬ 
cinoma  (Juliano  and  Varner,  1 993).  Although  consider¬ 
able  progress  has  been  made  in  understanding  how 
integrins  regulate  cell  function,  relatively  little  is  known 
about  integrin  specificity  and  integrin-mediated  signal¬ 
ing  events  in  the  pathogenesis  of  invasive  carcinoma. 

The  integrin  a6p4,  a  receptor  for  the  laminins,  is  likely 
to  play  a  pivotal  role  in  the  biology  of  invasive  carcinoma 
(Rabinovitz  and  Mercurio,  1 996).  This  integrin  is  essen¬ 
tial  for  the  organization  and  maintenance  of  epithelial 
structure  (Dowling  et  al.,  1996;  Vanderneut  et  a!.,  1996). 
In  many  epithelia,  this  integrin  mediates  the  formation 
of  stable  adhesive  structures  termed  hemidesmosomes 
that  link  the  intermediate  filament  cytoskeleton  with  the 
extracellular  matrix  (Borradori  and  Sonnenberg,  1996; 
Green  and  Jones,  1 996).  Expression  of  the  a6p4  integrin 
persists,  however,  in  many  tumor  cells  that  do  not  form 
stable  adhesive  contacts  but  rather  exhibit  the  motile 
phenotype  characteristic  of  invasive  carcinoma.  Indeed, 
numerous  pathological  studies  have  correlated  a6p4 
expression  and  localization  with  invasive  carcinoma 
(Falcioni  et  al.,  1 986;  Van  Waes  et  al.,  1 991 ;  Serini  et  al., 
1996).  Notable  examples  of  the  association  between 
a6p4  expression  and  carcinoma  Include  the  finding  that 
this  Integrin  is  not  expressed  in  normal  thyroid,  but  in¬ 
duction  of  its  expression  correlates  with  the  progression 
to  invasive  thyroid  carcinoma  (Serini  et  al.,  1996).  Also, 
expression  of  the  a6p4  integrin  is  enhanced  at  the  invad¬ 
ing  fronts  of  gastric  carcinomas  (Tani  et  al.,  1996).  Such 
correlative  studies  have  been  substantiated  by  our  finding 
that  expression  of  a6p4  in  a  p4-deficient  colon  carci¬ 
noma  cell  line  dramatically  increases  the  invasive  poten¬ 
tial  of  these  cells  (Chao  et  al.,  1996).  Also,  we  demon¬ 
strated  recently  that  a6p4  mediates  the  migration  of 
invasive  colon  carcinoma  cells  on  laminin-1  through  Its 
ability  to  associate  with  the  actin  cytoskeleton  and  pro¬ 
mote  the  formation  and  stabilization  of  filopodia  and 
lamellae  (Rabinovitz  and  Mercurio,  1997).  This  finding 
implies  that  the  function  and  cytoskeletal  association 
of  a6p4  in  invasive  carcinoma  cells  are  distinct  from 
its  established  role  of  anchoring  epithelial  cells  to  the 
basement  membrane  through  its  association  with  cyto- 
keratins.  Together,  the  current  data  indicate  a  key  role 
for  the  a6p4  integrin  in  promoting  carcinoma  invasion, 
and  they  suggest  that  understanding  the  signaling  path¬ 
ways  regulated  by  this  integrin  should  provide  insight 
into  the  mechanism  of  invasion. 

Much  of  the  work  on  signaling  through  the  a6p4  inte¬ 
grin  to  date  has  focused  on  the  structurally  distinct, 
1000  amino  acid  cytoplasmic  domain  of  the  p4  subunit 
(Hemler  et  al.,  1989;  Kajiji  et  al.,  1989;  Kennel  et  al., 
1989).  In  keratinocytes,  the  p4  cytoplasmic  domain  has 
been  shown  to  bind  the  adaptor  protein  She  and  activate 
the  Ras-Mitogen  activated  protein  kinase  (MARK)  path¬ 
way,  a  pathway  implicated  in  a6p4-mediated  regulation 
of  keratinocyte  proliferation  (Mainiero  et  al.,  1997).  The 
argument  could  be  made  that  activation  of  MARK  by 
Ci6p4  is  relevant  for  invasion  because  of  the  report  link¬ 
ing  MARK  to  cell  migration  through  its  ability  to  phos- 
phorylate  myosin  light  chain  kinase  (Klemke  et  al.,  1 997). 
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No  study,  however,  has  addressed  the  possibility  that 
MARK  or  other  signaling  molecules  downstream  of  «6p4 
contribute  to  carcinoma  invasion  and  metastasis.  In¬ 
deed,  the  possibility  exists  that  the  signaling  pathways 
required  for  invasion  differ  from  those  Involved  in  cell 
proliferation.  In  addition,  functions  of  (y6p4  that  contrib¬ 
ute  to  Invasion  may  also  differ  either  qualitatively  or 
quantitatively  from  signaling  pathways  regulated  by 
other  integrins,  especially  given  the  size  and  structural 
diversity  of  the  p4  cytoplasmic  domain. 

In  this  study,  we  sought  to  identify  signaling  pathways 
through  which  the  a6p4  integrin  promotes  invasion.  For 
this  purpose,  we  used  a  model  system  in  which  expres¬ 
sion  of  this  integrin  in  tt6p4-deficient  breast  carcinoma 
cells  markedly  increases  their  rate  of  invasion.  We  also 
used  a  colon  carcinoma  model  in  which  the  tt6p4  integrin 
is  known  to  mediate  motile  events  required  for  invasion. 
The  data  obtained  reveal  that  PI3K  (phosphoinositide-3 
OH  kinase)  and  the  downstream  effector  Rac  are  re¬ 
quired  for  carcinoma  invasion.  We  also  demonstrate  that 
a6p4  activates  PI3K  preferentially  over  a6pi  and  other 
P1  integrins  and  that  this  a6p4-regulated  PI3K  activity 
is  required  for  the  formation  of  lamellae,  dynamic  sites 
of  motility  in  invasive  carcinoma  cells. 

Results 

Expression  of  the  a6p4  Integrin  Increases 
the  Invasiveness  of  MDA-MB-435  Cells 
The  MDA-MB-435  cells  used  in  this  study  do  not  express 
the  a6p4  integrin,  although  they  express  the  aSpi  inte¬ 
grin  (Shaw  et  al.,  1 996).  Stable  subclones  of  these  cells 
were  generated  that  express  either  the  a6p4  integrin  or 
a  mutated  a6p4  that  lacks  the  p4  cytoplasmic  domain 
with  the  exception  of  the  four  amino  acids  proximal 
to  the  transmembrane  domain  (P4-ACYT).  The  relative 
surface  expression  of  the  (x6,  p4,  and  pi  subunits  on 
the  subclones  used  in  this  study  is  shown  In  Figure 
1.  Expression  of  the  p4  subunit  did  not  alter  surface 
expression  of  the  a6  subunit  (Figure  1)  or  other  integrin 
a  subunits  (data  not  shown)  on  these  cells.  However,  a 
slight  decrease  in  p1  surface  expression  was  observed 
In  the  p4  transfectants  that  probably  reflects  a  decrease 
in  a6pi  expression  at  the  expense  of  «6p4  expression 
(Figure  1). 

The  possibility  that  expression  of  the  a6p4  integrin 


stimulates  the  Invasion  of  carcinoma  cells  was  examined 
by  comparing  the  ability  of  mock  transfectants  {6D2 
and  6D7)  and  p4  transfectants  (3A7  and  5B3)  to  invade 
Matrigel  in  a  standard  chemoinvasion  assay  (Albini  et 
al.,  1987).  As  shown  in  Figure  2A,  the  rate  of  invasion 
of  the  p4  transfectants  was  approximately  3-  to  4-fold 
greater  than  that  of  the  mock  transfectants  In  a  4  hr 
assay.  The  P4-ACYT  transfectants  invaded  at  a  slightly 
slower  rate  than  that  of  the  mock  transfectants  (Figure 
2A),  indicating  that  the  p4  cytoplasmic  domain  is  essen¬ 
tial  for  stimulating  invasion.  Interestingly,  the  rate  of 
adhesion  to  laminin  was  not  greater  in  the  p4  transfec¬ 
tants  than  in  the  mock  transfectants  (data  not  shown). 

Antibodies  Specific  for  the  a6p4  Integrin  Stimulate 
Invasion  of  MDA-MB-435  Cells 
To  examine  the  contribution  of  integrin  receptors  to  the 
invasion  of  MDA-MB-435  cells,  Matrigel  chemoinvasion 
assays  were  performed  in  the  presence  of  Integrin  sub¬ 
unit-specific  antibodies.  A  pi -specific  antibody  (MAb 
13)  inhibited  invasion  of  the  mock  and  p4  transfectants 
(Figure  2B).  An  «6-specific  MAb  (2B7)  Inhibited  Invasion 
of  the  mock  transfectants  by  approximately  60%  (Figure 
2B),  in  agreement  with  our  previous  result  that  these 
cells  use  cy6P1  as  a  major  laminin  receptor  (Shaw  et  al., 
1996).  However,  the  same  antibody  Increased  the  rate 
of  invasion  of  the  p4  transfectants  by  approximately 
30%  (Figure  2B).  The  stimulation  of  Invasion  observed 
for  the  a6  antibody  in  the  MDA-MB-435/p4  transfectants 
suggests  that  H6p4  is  not  required  for  the  adhesive  func¬ 
tions  involved  in  invasion  but  rather  acts  as  a  signaling 
receptor  whose  function  can  be  enhanced  by  antibody 
binding.  Such  a  phenomenon  has  been  observed  for 
stimulation  of  melanoma  invasion  by  av-specific  antibod¬ 
ies  (Seftor  et  al.,  1 992).  This  possibility  is  also  supported 
by  the  finding  mentioned  above  that  a6p4  expression 
did  not  increase  the  rate  of  adhesion  of  MDA-MB-435 
cells  to  laminin-1 .  These  data  indicate  that  the  adhesive 
functions  of  the  MDA-MB-435/p4  transfectants  required 
for  invasion  are  mediated  largely  by  pi  integrins. 

Invasion  of  MDA-MB-435  Cells  Is  Dependent 
on  PI3K 

As  a  prelude  to  identifying  the  signaling  mechanism  by 
which  the  a6p4  integrin  stimulates  invasion,  we  as¬ 
sessed  first  the  effects  of  the  MARK  kinase  inhibitor 
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Figure  2.  Invasion  of  the  MDA-MB-435  Transfectants 

(A)  MDA-MB-435  transfectants  were  assayed  for  their  ability  to  in¬ 
vade  Matrigel.  Matrigel  was  diluted  in  cold  distilled  water,  added  to 
the  upper  well  of  Transwell  chambers,  and  dried  in  a  sterile  hood. 
The  Matrigel  was  reconstituted  with  medium  and  the  transfectants 
{5  X  lO'^)  were  added  to  each  well.  Conditioned  N1H-3T3  medium 
was  added  to  the  bottom  wells  of  the  chambers. 

(B)  MDA-MB-435  transfectants  were  assayed  for  their  ability  to  in¬ 
vade  Matrigel  in  the  presence  of  monoclonal  antibodies  specific  for 
the  Indicated  integrin  subunits.  Cells  were  preincubated  for  30  min 
In  the  presence  of  antibodies  before  addition  to  the  Matrigel -coated 
wells.  After  4  hr  at  37°C,  the  cells  that  had  not  invaded  were  removed 
and  the  cells  that  had  invaded  to  the  lower  surface  of  the  filters 
were  fixed,  stained,  and  quantitated  as  described  in  Experimental 
Procedures. 

Mock,  MDA-MB-435  cells  transfected  with  vector  alone;  [34,  MDA- 
MB-435  cells  transfected  with  the  full-length  p4  subunit;  [34-ACYT, 
MDA-MB-435  cells  transfected  with  the  p4  subunit  lacking  the  cyto¬ 
plasmic  domain;  IgG,  nonspecific  antibody;  pi,  MAb  13;  o:6,  2B7. 
The  data  shown  are  from  (A)  two  individual  subclones  of  each 
transfectant  and  are  the  mean  values  (±SD)  of  a  representative 
experiment  done  in  duplicate,  (B)  the  mean  values  (±SEM)  of  a 
representative  experiment  done  in  triplicate. 


PD98059  on  MDA-MB-435  invasion  (Dudley  et  al.,  1995; 
Pang  et  al.,  1995).  As  shown  in  Figure  3A,  pretreatment 
of  these  cells  with  PD98059  (25  |jiM)  resulted  in  only 
a  modest  inhibition  (20%)  of  invasion.  To  confirm  that 
PD98059  inhibits  MAPK  activity  in  these  cells,  an  anti¬ 
body  that  recognizes  the  phosphorylated,  active  iso¬ 
forms  of  ERK1  and  ERK2  was  used.  Antibody-induced 
clustering  of  the  a6  integrins  in  both  the  mock  and  p4 
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Figures.  Analysis  of  MAPK,  PI3K,  and  p70  S6K  Involvement  in 
MDA-MB-435  Invasion 

(A)  MDA-MB-435  transfectants  were  assayed  for  their  ability  to  in¬ 
vade  Matrigel  in  the  presence  of  either  the  MEK  inhibitor  PD98059 
(25  |xM),  the  PI3K  inhibitor  wortmannin  (100  nM),  or  the  p70  S6K 
inhibitor  rapamycin  (20  ng/ml).  Cells  were  preincubated  for  10  min 
in  the  presence  of  the  Inhibitors  before  addition  to  the  Matrigel- 
coated  wells.  After  4  hr  at  37°C,  the  cells  that  had  not  invaded 
were  removed  and  the  cells  that  had  invaded  to  the  lower  surface 
of  the  filters  were  fixed,  stained,  and  quantitated  as  described  in 
Experimental  Procedures.  The  data  shown  are  the  mean  values 
(±SD)  of  a  representative  experiment  done  in  duplicate. 

(B)  MDA-MB-435  transfectants  were  maintained  in  suspension  or 
incubated  with  a6-specific  antibodies  and  allowed  to  adhere  to  anti¬ 
mouse  IgG  coated  plates  for  30  min  in  the  absence  or  presence  of 
the  indicated  inhibitors.  Aliquots  of  total  cell  extracts  were  normal¬ 
ized  for  protein  content  and  resolved  by  10%  SDS-PAGE  under 
reducing  conditions,  transferred  to  nitrocellulose,  and  immunoblot- 
ted  using  an  ERK  polyclonal  antibody  that  recognizes  the  phosphor¬ 
ylated  isoforms  of  ERK-1  and  ERK-2  (upper  panel).  The  blots  were 
then  stripped  and  reprobed  with  an  ERK-1  antibody  that  recognizes 
both  ERK-1  and  ERK-2  (lower  panel). 

Mock,  MDA-MB-435  cells  transfected  with  vector  alone;  [34,  MDA- 
MB-435  cells  transfected  with  the  full  length  ^4  subunit;  WT,  wort¬ 
mannin;  SUS,  cells  maintained  in  suspension. 


transfectants  using  2B7,  an  a6-specific  Ab,  stimulated 
activation  of  MAPK  as  assessed  by  reactivity  with  the 
phospho-specific  MAPK  Ab  (Figure  3B).  This  activation 
was  inhibited  by  PD98059  (25  \xM).  Of  note,  a6p4  expres¬ 
sion  did  not  have  a  significant  impact  on  a6-induced 
MAPK  activation  in  these  cells. 

We  next  targeted  PI3K  as  a  mediator  of  invasion  be¬ 
cause  of  its  central  involvement  in  multiple  signaling 
pathways  (Toker  and  Cantley,  1997).  The  PI3K  inhibitor 
wortmannin  (WT)  (Ui  et  al.,  1995)  inhibited  invasion  of 
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both  the  mock  and  p4  transfectants  by  70%-80%  (Fig¬ 
ure  3A).  !n  contrast  to  PD98059,  WT  did  not  inhibit  ac¬ 
tivation  of  MARK  by  antibody-induced  clustering  of  the 
a6  integrins  In  either  the  mock  or  p4  transfectants  (Fig¬ 
ure  3B).  Taken  together,  these  results  suggest  that 
PI3K,  but  not  MARK,  Is  necessary  for  the  invasion  of 
MDA-MB-435  cells.  The  total  amount  of  ERK-1  and 
ERK-2  protein  was  not  altered  by  either  PD98059  or  WT 
(Figure  3B). 

Activation  of  PI3K  by  the  a6p4  Integrin 
To  determine  if  the  a6p4  integrin  can  stimulate  PI3K 
activity,  in  vitro  kinase  assays  were  performed  using  the 
mock,  p4,  and  P4-ACYT  transfectants  of  MDA-MB-435 
cells.  After  ligation  of  the  a6  Integrins  with  2B7,  extracts 
were  immunoprecipitated  with  a  phosphotyrosine-spe- 
cific  antibody  to  capture  the  activated  population  of 
PI3K,  and  these  immunoprecipitates  were  assayed  for 
their  ability  to  phosphorylate  crude  brain  phosphoinosi- 
tides.  As  shown  in  Figure  4A,  an  Increase  in  PI3K  activity. 
Indicated  by  the  appearance  of  Ptdlns-3,4,5-P3,  was  ob¬ 
served  upon  clustering  the  a6pi  integrin  in  the  mock 
transfectants  and  the  a6p4  Integrin  In  the  p4  trans¬ 
fectants.  More  Importantly,  PI3K  activity  stimulated  by 
clustering  the  a6p4  Integrin  was  markedly  greater  than 
that  observed  after  clustering  the  a6pi  receptor.  This 
enhanced  stimulation  of  PI3K  was  also  seen  using  a 
p4-specific  MAb  to  ligate  the  a6p4  integrin  in  the  p4 
transfectants  (Figure  4B). 

PI3K  activity  was  higher  in  the  p4  transfectants  than 
in  the  mock  transfectants  after  adhesion  to  laminin-1 
(Figure  4A).  This  observation  suggests  that  interactions 
with  laminin  through  this  receptor  can  stimulate  PI3K 
activity  even  though  a6p4  is  not  used  as  an  adhesion 
receptor  in  these  cells.  PI3K  activity  was  not  Increased 
upon  ligation  of  the  a6p4-ACYT  receptor,  and  little  activ¬ 
ity  was  evident  when  the  transfectants  were  maintained 
in  suspension  (Figure  4), 

Our  data  suggested  that  the  ability  of  the  a6p4  integrin 
to  activate  PI3K  may  be  quantitatively  greater  than  that 
of  pi  integrins  in  MDA-MB-435  cells.  This  possibility 
was  examined  by  comparing  PI3K  activation  In  the  p4 
transfectants  in  response  to  antibody  ligation  of  either 
pi  integrins  or  the  a6p4-integrin.  As  shown  in  Figure  4B, 
ligation  of  the  a6p4  integrin  with  p4-specific  antibodies 
stimulated  PI3K  activity  approximately  2-fold  greater 
than  pi  integrin  ligation,  demonstrating  that  PI3K  is  acti¬ 
vated  preferentially  by  the  a6p4  integrin.  The  differences 
between  the  abilities  of  the  a6p4  and  pi  integrins  to 
activate  PI3K  are  most  likely  even  greater  than  what  was 
observed  given  the  2-  to  3-fold  higher  level  of  expression 
of  pi  than  P4  integrins  on  the  cell  surface  (Figure  1). 

Constitutively  Active  PI3K  Stimulates 
Invasion  of  MDA-MB-435  Cells 
The  hypothesis  that  the  a6p4  integrin  promotes  invasion 
of  MDA-MB-435  cells  by  enhancing  the  activity  of  PI3K 
implies  that  expression  of  a  constitutively  active  form 
of  PI3K  in  the  parental  cells  should  Increase  their  inva¬ 
sion  in  the  absence  of  a6p4  expression.  To  validate  this 
prediction,  a  constitutively  active,  membrane-targeted 
PI3K  (Myr-pl  1 0-Myc)  was  expressed  transiently  in  the 
parental  MDA-MB-435  cells,  and  the  ability  of  these  cells 
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Figure  4.  Analysis  of  PI3K  Activity  in  the  MDA-MB-435  Transfec¬ 
tants 

(A)  MDA-MB-435  transfectants  were  maintained  in  suspension  or 
incubated  with  integrin-specific  antibodies  and  allowed  to  adhere 
to  anti-mouse  IgG  coated  plates  or  laminln-1  coated  plates  for  30 
min.  Aliquots  of  cell  extracts  that  contained  equivalent  amounts  of 
protein  were  incubated  with  the  anti-phosphotyrosine  MAb  4G10 
and  Protein  A  sepharose  for  3  hr.  After  washing,  the  beads  were 
resuspended  in  kinase  buffer  and  incubated  for  10  min  at  room 
temperature.  The  phosphorylated  lipids  were  resolved  by  thin  layer 
chromatography.  The  D3-phosphoinositides  are  indicated  by 
arrows.  SUS,  cells  maintained  in  suspension;  a6,  cells  clustered 
with  the  tt6-speciflc  antibody. 

(B)  The  amount  of  radiolabeled  Rdlns-3,4,5-P3  was  determined  for 
each  condition  by  densitometry.  The  integrin -activated  levels  of 
Ptd!ns-3,4,5-p3  were  compared  to  the  level  observed  for  the  cells 
that  were  maintained  In  suspension.  The  value  from  this  ratio  was 
determined  to  be  the  relative  PI3K  activity  stimulated  by  each  inte¬ 
grin  subunit.  The  data  shown  are  the  mean  values  (±SD)  from  two 
representative  experiments.  3A7,  subclone  of  MDA-MB-435  cells 
transfected  with  the  full-length  p4  subunit;  5B3,  subclone  of  MDA- 
MB-435  cells  transfected  with  the  full-length  p4  subunit;  34-ACYT, 
MDA-MB-435  cells  transfected  with  the  p4  subunit  lacking  the  cyto¬ 
plasmic  domain;  pi ,  cells  clustered  with  the  pi  -specific  antibody 
{MAb  1 3);  p4,  cells  clustered  with  the  p4-specific  antibody  (A9). 


to  invade  Matrigel  was  compared  to  cells  transfected 
with  an  empty  vector.  As  shown  in  Figure  5A,  constitu¬ 
tively  active  PI3K  increased  invasion  2-fold,  and  this 
invasion  was  inhibited  by  wortmannin.  Expression  of 
the  transiently  expressed  pi  10  subunit  was  confirmed 
by  immunoblotting  using  a  myc-specific  antibody  (Fig¬ 
ure  5A). 

a6p4- Dependent  Invasion  Requires  PI3K  Activity 
If  the  a6p4  integrin  promotes  invasion  of  MDA-MB-435 
cells  by  enhancing  the  activity  of  PI3K,  expression  of  a 
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Figure  5.  Analysis  of  PI3K  Involvement  in  Invasion  of  MDA-MB-435 
Cells  by  Transient  Transfections 

(A)  MDA-MB-435  cells  were  transiently  transfected  with  1  jxg  pCS2- 
(n)|B-gal  and  4  |xg  of  either  the  vector  alone  or  a  Myc-tagged,  consti- 
tutlvely  active  form  of  the  PI3K  p110  catalytic  subunit  {Myr-p110) 
and  assayed  for  their  ability  to  invade  Matrigel  in  the  absence  or 
presence  of  wortmannin  (100  nM).  The  data  shown  are  the  mean 
values  (±SD)  of  two  (wortmannin)  or  three  (without  wortmannin) 
experiments  done  in  triplicate. 

(B)  MDA-MB-435/34  transfectants  were  transiently  transfected  with 
1  iLg  pCS2-(n)|3-gaI  and  either  the  vector  alone,  6  jjig  of  a  PI3K  p85 
subunit  deleted  in  the  pllO  binding  site  (Ap85),  or  6  ^J.g  of  a  wild- 
type  PI3K  p85  regulatory  subunit  (p85)  and  assayed  for  their  ability 
to  invade  Matrigel.  After  5  hr  at  37°C,  the  cells  that  had  not  invaded 
were  removed  and  the  cells  that  had  Invaded  to  the  lower  surface 
of  the  filters  were  fixed  and  stained  as  described  in  Experimental 
Procedures,  invasion  was  quantitated  by  counting  the  cells  that 
stained  positively  for  p-galactosidase  expression.  Relative  invasion 
was  determined  by  comparing  the  amount  of  Invasion  obtained 
for  the  experimental  transfections  to  that  observed  for  the  cells 
transfected  with  the  vector  alone,  which  was  given  the  value  of  1 . 
The  expression  of  the  transfected  cDNAs  was  confirmed  by  immu- 
noblotting  and  is  shown  below  each  graph.  The  data  shown  are  the 
mean  values  (±SD)  of  two  experiments  done  in  triplicate. 


dominant  negative  P13K  subunit  in  the  p4  transfectants 
should  decrease  their  invasion.  Transient  expression  of 
a  GST-tagged,  PI3K  p85  subunit  deleted  in  the  p110 
binding  site  (Ap85)  inhibited  invasion  of  the  MDA-MB- 
435/|34  transfectants  significantly  (Figure  5B).  A  similar 
inhibition  of  invasion  was  observed  after  transient  ex¬ 
pression  of  a  wild-type  p85  subunit.  It  has  been  shown 
that  overexpression  of  the  wild-type  p85  subunit  blocks 
P13K  activation  by  binding  to  phosphotyrosine-con- 
taining  proteins  and  inhibiting  the  binding  of  endoge¬ 
nous  p85/p110  to  these  proteins  (Rameh  et  al.,  1995). 
The  data  obtained  with  the  Ap85  and  wild-type  p85 
subunits  substantiate  the  wortmannin  data  shown  in 
Figure  3A  and  confirm  the  involvement  of  PI3K  signaling 
in  od6p4-dependent  invasion.  Expression  of  the  tran¬ 
siently  expressed  Ap85  and  p85  subunits  was  confirmed 
by  immunoblotting  using  GST-  (Ap85)  or  myc-specific 
(wt  p85)  antibodies  (Figure  5B). 


The  Akt/PKB  Kinase  and  p70  S6  Kinase, 

Downstream  Effectors  of  PI3K,  Are 
Not  Required  for  Invasion 

The  Akt/PKB  serine/threonine  kinase  (Akt)  and  the  p70 
S6  kinase  (S6K)  are  activated  downstream  of  PI3K  and, 
for  this  reason,  could  play  important  roles  in  invasion 
(Chou  and  Blenis,  1995;  Franke  et  al.,  1997).  This  possi¬ 
bility  was  supported  by  our  finding  that  ligation  of  the 
a6p4  integrin  in  the  MDA-MB-435/p4  transfectants  acti¬ 
vated  both  Akt  and  S6K  (Figure  6A).  Based  on  these 
observations,  we  examined  the  ability  of  parental  MDA- 
MB-435  cells  that  expressed  a  constitutively  active  form 
of  Akt  (Myr-Akt)  to  invade  Matrigel.  Surprisingly,  this 
constitutively  active  form  of  Akt  actually  decreased  the 
rate  of  invasion  in  comparison  to  the  control  cells  even 
though  it  was  expressed  at  relatively  high  levels  (Figure 
6B).  Most  likely,  the  exogenously  expressed  active  Akt 
sequestered  a  significant  fraction  of  D3  phosphoinosi- 
tides  and  precluded  the  use  of  these  lipids  in  those 
signaling  pathways  downstream  of  PI3K  that  are  re¬ 
quired  for  invasion.  We  examined  the  involvement  of 
S6K  in  invasion  using  rapamycin,  a  specific  inhibitor 
of  S6K  activation  (Chung  et  al.,  1992;  Kuo  et  al.,  1992; 
Price  et  al.,  1992).  As  shown  in  Figure  3,  rapamycin 
did  not  decrease  the  invasion  of  either  the  mock  or  p4 
transfectants.  Based  on  these  results,  we  conclude  that 
Akt  and  S6K  are  not  required  for  MDA-MB-435  invasion. 


The  Small  G  Protein  Rac  Is  Required 
for  MDA-MB-435  Invasion 

The  Rho  family  of  small  G  proteins  are  involved  in  the 
actin  rearrangements  that  result  In  the  formation  of 
stress  fibers,  membrane  ruffles  and  lamellae,  and  fili- 
podia  (Nobes  and  Hall,  1 995).  The  ability  of  cells  to  form 
these  actin-containing  structures  is  linked  to  their  motil¬ 
ity  and  therefore  could  influence  their  Invasive  potential 
(Sheetz,  1 994;  Rabinovitz  and  Mercurio,  1 997).  To  exam¬ 
ine  this  possibility,  constitutively  active  mutants  of  either 
Rho  (VI  4Rho),  Rac  (VI  2Rac),  or  Cdc42  (VI  2Cdc42)  were 
transiently  expressed  in  the  parental  MDA-MB-435  cells. 
As  shown  in  Figure  6B,  independent  expression  of  these 
constitutively  active  small  G  proteins  did  not  signifi¬ 
cantly  alter  the  invasion  of  MDA-MB-435  cells,  indicating 
that  they  are  not  sufficient  by  themselves  to  increase 
invasion. 

To  determine  if  either  Rac  or  Cdc42  contributed  to 
a6p4-dependent  invasion,  dominant  negative  mutants 
of  Rac  (N1 7Rac)  and  Cdc42  (N1 7Cdc42)  were  expressed 
in  the  MDA-MB-435/p4  transfectants.  A  significant  re¬ 
duction  (50%)  in  invasion  was  observed  when  N17Rac 
was  transiently  expressed  in  the  MDA-MB-435/p4  trans¬ 
fectants.  In  contrast,  expression  of  N17Cdc42  did  not 
inhibit  invasion  significantly  (Figure  6C).  To  examine  the 
role  of  Rac  in  PI3K-stimulated  invasion  of  parental  MDA- 
MB-435  cells,  N17Rac  was  transiently  expressed  along 
with  the  Myr-pllO-Myc  construct.  As  shown  in  Figure 
6D,  coexpression  of  N17Rac  inhibited  the  increased  in¬ 
vasion  that  was  observed  when  the  constitutively  active 
pi  10  subunit  of  PI3K  was  expressed  alone.  Taken  to¬ 
gether,  these  results  demonstrate  that  Rac  is  an  essen¬ 
tial  downstream  mediator  of  the  a6j34/PI3K  signaling 
pathway  involved  in  invasion.  The  inability  of  the  consti¬ 
tutively  active  mutant  of  Rac  to  significantly  increase 
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Figure  6.  Analysis  of  Downstream  Effectors  In  PI3K-Dependent  Invasion  of  MDA-MB-435  Cells 

(A)  MDA-MB-435/p4  transfectants  were  maintained  in  suspension  or  incubated  with  «6-specific  antibodies  and  allowed  to  adhere  to  anti¬ 
mouse  IgG  coated  plates  for  30  min.  (Upper  panel)  Aliquots  of  cell  extracts  that  contained  equivalent  amounts  of  protein  were  incubated  with 
a  P<^yclonal  anh-Akt  antibody  and  a  1:1  mixture  of  ProteinA/Protein  G.  After  washing,  the  beads  were  resuspended  in  kinase  buffer  and 
incubated  for  20  min  at  room  temperature.  The  phosphorylated  substrate,  histone  H2B,  is  indicated.  (Lower  panel)  Aliquots  of  total  cell  extracts 
were  normalized  for  protein  content  and  resolved  by  8%  SDS-PAGE  under  reducing  conditions,  transferred  to  nitrocellulose,  and  immunoblotted 
using  a  polyclonal  antibody  that  recognizes  the  C-terminal  end  of  p70  S6K. 

(B)  MDA-MB-435  cells  were  transiently  transfected  with  1  of  pCS2-(n)(3-gal  and  either  4  ^g  of  the  vector  alone  or  4  r.g  of  constitutively 

n*  /I  J'**'  (V12Cdc42),  or  Rho  (V14Rho)  and  assayed  for  their  ability  to  invade  Matrigel.  After  5 

hr  at  37  C,  the  cells  that  had  not  invaded  were  removed  and  the  cells  that  had  invaded  to  the  lower  surface  of  the  filters  were  fixed  and 
stained  as  descnbed  in  Expenmental  Procedures.  Invasion  was  quantitated  by  counting  the  cells  that  stained  positive  for  B-galactosidase 
expression.  Relative  invasion  was  detemined  by  comparing  the  amount  of  invasion  obtained  for  the  experimental  transfections  to  that  observed 
for  the  cells  transfected  with  the  vector  alone,  which  was  given  the  value  of  1.  The  data  shown  are  the  mean  values  (±SD)  of  3  experiments 
done  in  tnplicate. 

(C)  IVIDA-MB-435/P4  transfectants  were  transiently  transfected  with  1  (.g  of  pCS2-(n)(3-gal  and  either  4  ^g  of  vector  alone  or  4  prg  of  dominant 
negative  mutants  of  Rac  (GST-N17Rac)  or  Cdc42  (N17Cdc42)  and  assayed  for  their  ability  to  invade  Matrigel  as  described  above  The  data 
Shown  are  the  mean  values  (±SD)  of  a  representative  experiment  done  in  triplicate. 

(D)  MDA-MB-435  cells  were  transiently  transfected  with  1  ^g  of  pCS2-(n)p-gal  and  either  5  |xg  of  the  vector  alone,  3  ^Lg  of  the  vector  alone 
and  2  ^g  of  a  Myc-tegged  constitutively  active  form  of  the  PI3K  pi  1 0  catalytic  subunit  (Myr-pl  1 0)  or  2  (xg  of  Myr-pl  1 0  and  3  ^g  N1 7Rac  and 
assayed  for  their  ability  to  invade  Matngel  as  described  above.  The  data  shown  are  the  mean  values  (±SD)  of  a  representative  experiment 
done  in  tnplicate.  The  expression  of  the  transfected  cDNAs  was  confirmed  by  Western  blotting  and  is  shown  below  each  graph. 


the  Invasion  of  the  MDA-MB-435  cells  suggests  that 
other  PI3K  downstream  effectors,  in  addition  to  Rac, 
are  important  for  invasion  in  these  cells. 

Involvement  of  PI3K  in  the  a6p4-Dependent 
Migration  of  Invasive  Colon 
Carcinoma  Cells 

We  wished  to  confirm  that  the  activation  of  PI3K  by 
a6p4  in  the  MDA-MB-435  transfectants  also  occurred 
in  a  carcinoma  cell  line  that  endogenously  expresses 
the  a6p4  integrin  and  that  this  activation  was  related  to 
the  Invasive  properties  of  the  cell.  For  this  purpose  we 
chose  clone  A  cells,  an  invasive  colon  carcinoma  cell 
line  that  we  have  characterized  extensively.  Clone  A 
cells  express  relatively  high  levels  of  the  a6p4  integrin 
and  no  a6p1  integrin  (Lee  et  al.,  1 992).  Importantly,  these 
cells  use  the  a6p4  integrin  as  an  adhesion  receptor  for 
lamlnin-1  (Lotz  et  al.,  1990;  Lee  et  al„  1992)  in  contrast 
to  the  MDA-MB-435/P4  transfectants.  As  shown  in  Fig¬ 
ure  7A,  the  Matrigel  invasion  of  clone  A  cells  is  inhibited 
by  a6-specific  antibodies. 

Recently,  we  demonstrated  that  the  «6p4  integrin  per¬ 
forms  an  essential  role  in  the  migration  of  clone  A  cells 


on  laminin-1  by  promoting  the  formation  and  stabiliza¬ 
tion  of  filopodia  and  lamellae  (Rablnovitz  and  Mercurio, 
1 997).  Based  on  the  data  obtained  with  MDA-MB-435 
cells,  the  prediction  can  be  made  that  the  a6p4-depen- 
dent  formation  of  actin-containing  motility  structures  is 
dependent  on  PI3K  and  that  ligation  of  a6p4  stimulates 
PI3K  activity  in  these  cells.  To  examine  this  possibility, 
clone  A  cells  were  treated  with  wortmannin  (100  nM) 
prior  to  their  plating  on  laminin-1 ,  and  their  behavior 
was  then  monitored  by  video  microscopy.  Wortmannin 
had  no  effect  on  the  attachment  of  clone  A  cells  to 
laminin  or  on  their  initial  spreading.  However,  wortman¬ 
nin  Inhibited  the  formation  of  lamellae  by  80%  (Figure 
7B).  Interestingly,  the  effect  of  wortmannin  on  the  forma¬ 
tion  of  lamellae  was  very  similar  to  the  effect  of  a  func¬ 
tion-blocking  a6  antibody  that  recognizes  only  the  a6p4 
integrin  in  these  cells  (Figure  7C). 

To  examine  whether  a6p4  activates  PI3K  in  clone  A 
cells,  we  performed  in  vitro  kinase  assays  on  cell  ex¬ 
tracts  prepared  from  cells  that  had  attached  to  laminin-1 
in  the  presence  of  either  nonspecific  IgG  or  an  a6-speci- 
fic  antibody.  As  shown  in  Figure  8,  PI3K  activity  was 
increased  after  attachment  to  laminin-1,  but  this  in¬ 
crease  was  inhibited  when  the  a6p4  receptor  was  blocked 
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Figure  7.  Analysis  of  a6p4  Function  in  an  In¬ 
vasive  Colon  Carcinoma  Cell  Line 

(A)  Clone  A  cells  were  assayed  for  their  ability 
to  invade  Matrigel  in  the  presence  of  mono¬ 
clonal  antibodies  specific  for  the  Indicated 
integrin  subunits.  Cells  were  preincubated  for 
30  min  in  the  presence  of  antibodies  before 
addition  to  the  Math  gel -coated  wells.  After 
24  hr  at  37°C,  the  cells  that  had  not  invaded 
were  removed  and  the  cells  that  had  invaded 
to  the  lower  surface  of  the  filters  were  fixed, 
stained,  and  quantitated  as  described  In  Ex¬ 
perimental  Procedures.  The  data  shown  are 
the  mean  values  (±SD)  of  a  representative 
experiment  done  in  duplicate. 

(B)  Clone  A  cells  were  allowed  to  adhere  to 
laminin-1  in  the  absence  or  presence  of  wort- 
mannin  (100  nM)  for  45  min.  Images  were  ob¬ 
tained  at  this  time  using  a  Nikon  Diaphot  300 
inverted  microscope  with  phase  contrast  op¬ 
tics.  This  microscope  was  connected  to  a 
CCD  camera  (Dage-MTI),  a  frame-grabber 
(Scion),  and  a  7600  Power  Macintosh  com¬ 
puter  to  capture  the  Images.  The  lamellar 
area  for  the  cells  in  each  condition  was  deter¬ 
mined  using  IPlab  Spectrum  image  analysis 
software.  The  data  shown  are  the  mean  val¬ 
ues  (±SEM)  for  >50  cells.  WT,  wortmannin. 

(C)  Clone  A  cells  were  allowed  to  adhere  to 
laminin-1  in  the  absence  or  presence  of  wort¬ 
mannin  (lOOnM)  or  the  a6-specific  antibody 
2B7,  as  indicated,  for  45  min.  Representative 
images  from  cells  in  each  condition  are 
shown. 

IgG,  non-specific  antibody;  pi,  MAb  13;  a6, 
2B7;  Cont,  control. 


by  the  od6  antibody.  Although  clone  A  cells  still  adhere 
to  laminin-1  in  the  presence  of  the  a6  antibody  using 
the  a2p1  integrin  (Lotz  et  al.,  1990;  Lee  et  al.,  1992; 
Figure  7C),  there  was  no  increase  in  PI3K  activity  in 
these  cells  compared  to  cells  maintained  in  suspension. 
Therefore,  a  differential  ability  of  the  a6p4  and  pi  inte- 
grlns  to  activate  PI3K  Is  evident  in  clone  A  cells,  as 
was  observed  in  the  MDA-MB-435/p4  transfectants.  In 
summary,  a6p4  is  required  for  PI3K  activation  and  for¬ 
mation  of  lamellae  in  response  to  laminin-1  attachment 
in  clone  A  cells,  functions  that  are  required  for  the  inva¬ 
sion  of  these  cells. 

Discussion 

Our  results  establish  that  the  coupling  of  a  specific  inte¬ 
grin,  a6p4,  to  the  PI3K  signaling  pathway  promotes  the 
invasion  of  carcinoma  cells.  In  addition,  we  demonstrate 
specificity  in  integrin  activation  of  this  lipid  kinase  path¬ 
way  because  a6p4  activated  PI3K  better  than  a6p1  and 
other  pi  integrins  in  the  cells  examined.  An  essential 
role  for  PI3K  in  invasion  constitutes  a  novel  function  for 
this  kinase  and  implies  that  downstream  effectors  of 
PI3K  are  critical  for  the  invasive  process.  We  provide 
evidence,  in  fact,  that  the  small  GTP-binding  protein 
Rac  is  downstream  of  PI3K  in  the  cells  examined  and 
that  it  is  involved  in  invasion.  In  contrast,  the  serine/ 
threonine  kinases  Akt  and  S6K  do  not  contribute  to  the 
invasive  process  even  though  they  are  regulated  by  PI3K 


and  are  activated  by  the  a6p4  integrin.  Collectively,  our 
findings  provide  a  mechanism  for  the  involvement  of 
a6p4  in  promoting  carcinoma  invasion  and  reveal  a  spe¬ 
cific  PI3K  signaling  pathway  that  is  essential  for  this 
process. 

Invasion  is  a  defining  event  in  carcinoma  progression. 
In  general,  this  process  represents  the  ability  of  epithe¬ 
lial  cells  to  acquire  a  mesenchymal  phenotype  charac¬ 
teristic  of  the  breast  and  colon  carcinoma  cells  used  in 
this  study.  Numerous  studies  have  demonstrated  that 
the  progression  to  invasive  carcinoma  involves  loss  of 
function  of  adhesion  molecules  involved  in  maintenance 
of  the  epithelial  phenotype,  namely,  cadherins  and  ca- 
tenins.  These  studies  support  this  epithelial-mesen¬ 
chymal  transition  model  (Takeichi,  1993;  Birchmeier  et 
al.,  1995).  An  issue  that  has  been  less  clear,  however, 
is  an  understanding  of  the  mechanisms  used  by  mesen- 
chymal-like  carcinoma  cells  to  invade  through  basement 
membranes  and  stroma.  Specifically,  the  role  of  epithe¬ 
lial  integrins  in  invasion  has  been  difficult  to  study  be¬ 
cause  the  progression  to  invasive  carcinoma  does  not 
always  involve  gross  alterations  In  their  expression. 
More  likely,  the  transition  from  a  polarized  epithelium 
to  invasive  cancer  involves  changes  in  integrin  function 
that  contribute  to  the  invasive  process  as  exemplified 
by  our  work  on  the  a6p4  integrin.  Although  this  integrin 
contributes  to  the  polarized  phenotype  of  epithelial  cells 
through  its  ability  to  form  stable  adhesive  contacts  at 
the  basal  cell  surface  (Dowling  et  al.,  1996;  Vanderneut 
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Figure  8.  Analysis  of  PI3K  Activity  in  Clone  A 
Cells 

(A)  Clone  A  cells  were  maintained  in  suspen¬ 
sion  or  allowed  to  adhere  to  laminln-1  in  the 
presence  of  nonspecific  IgG  or  a6-specific 
antibodies  for  45  min.  Aliquots  of  cell  extracts 
that  contained  equivalent  amounts  of  protein 
were  incubated  with  the  anti-phosphotyro- 
sine  MAb  4G1 0  and  Protein  A  sepharose  for 
3  hr.  After  washing,  the  beads  were  resus¬ 
pended  in  kinase  buffer  and  Incubated  for  10 
min  at  room  temperature.  The  labeled  lipids 
were  resolved  by  thin  layer  chromatography. 
The  D3-phosphoinositides  are  indicated  by 
arrows. 

(B)  The  amount  of  radiolabeled  Ptdlns-3,4,5- 
P3  was  determined  for  each  condition  by  den¬ 
sitometry.  The  adhesion-dependent  levels  of 
Ptdlns-3,4,5-P3  were  compared  to  the  level 
observed  for  the  cells  that  were  maintained 
in  suspension,  which  was  given  the  value  of 
1,  The  value  from  this  ratio  was  determined 
to  be  the  relative  PI3K  activity  stimulated  by 
adhesion.  The  data  shown  are  the  mean  val¬ 
ues  {±SEM)  from  two  experiments. 


et  a!.,  1996),  the  many  pathological  studies  that  have 
associated  0634  with  invasion  suggested  that  its  func¬ 
tions  are  also  Important  for  the  invasive  phenotype 
(Rabinovitz  and  Mercurio,  1996).  We  substantiated  this 
possibility  initially  by  showing  that  expression  of  a6p4 
increased  the  invasion  of  both  colon  (Chao  et  al.,  1996) 
and  breast  carcinoma  cells  (Figure  2A).  Importantly,  we 
now  establish  a  mechanism  for  this  increase  by  demon¬ 
strating  that  the  a6p4  integrin  activates  a  PI3K  signaling 
pathway  in  carcinoma  cells  that  is  necessary  for  the 
invasive  ability  of  these  cells  and  that  this  a6p4-medi- 
ated  pathway  is  linked  to  cell  motility.  Although  protease 
activity  is  essential  for  invasion,  no  differences  in  prote¬ 
ase  expression  or  localization  were  observed  between 
the  mock  and  p4  transfectants  of  MDA-MB-435  cells  (K. 
O’Connor,  unpublished  observation).  Based  on  these 
findings,  we  postulate  that  the  a6p4  integrin  is  critical 
for  invasion  because  it  promotes  carcinoma  motility 
through  a  PI3K-dependent  pathway. 

A  central  role  for  PI3K  and  its  lipid  products  in  carci¬ 
noma  progression  Is  indicated  by  our  findings  that  wort- 
mannin  and  dominant  interfering  p85  subunits  of  PI3K 
inhibited  invasion  of  MDA-MB-435  cells  and  that  a  con- 
stitutively  active  pi  10  subunit  of  PI3K  Increased  their 
Invasion.  The  involvement  of  a  PI3K-dependent  signal¬ 
ing  pathway  in  invasion  adds  to  previous  data  that  have 
implicated  PI3K  in  tumor-promoting  functions  such  as 
transformation,  cell  survival,  anchorage-independent 
growth,  and  motility  (Chang  et  al.,  1997;  Derman  et  al., 
1997;  Dudek  et  al.,  1997;  Kennedy  et  al.,  1997;  Khwaja 
et  al.,  1997).  Interestingly,  integrins  have  been  impli¬ 
cated  in  many  of  these  processes  as  well  (Meredith  et 
al.,  1993;  Frisch  and  Francis,  1994;  Huttenlocher  et  al., 
1995).  However,  how  such  PI3K-dependent  pathways 
are  influenced  by  Integrin  signaling  is  an  area  that  has 
not  been  well  explored.  Recent  reports  that  MDCK  cell 
adhesion  to  collagen  (Khwaja  et  al.,  1997)  and  COS  cell 
adhesion  to  fibronectin  (King  et  al.,  1997)  can  increase 
the  levels  of  Rdlns-3,4,5-P3  and  Ptdlns-3,4-P3  sug¬ 
gested  that  Integrins  regulate  PI3K.  We  now  provide 


evidence  that  integrins  can  differ  in  their  ability  to  acti¬ 
vate  PI3K  based  on  the  preferential  activation  of  PI3K 
by  a6p4  compared  to  other  pi  integrins  in  both  the 
MDA-MB-435  and  clone  A  cells  and  that  this  difference 
is  linked  to  a  specific  cellular  response. 

Our  data  on  the  PI3K-dependent  formation  of  lamellae 
in  clone  A  cells  indicate  that  the  localized  regulation  of 
PI3K  activity  by  a6p4  may  provide  an  efficient  mecha¬ 
nism  for  targeting  downstream  functional  effects  of  this 
kinase.  The  migration  of  invasive  carcinoma  cells  in¬ 
volves  the  dynamic  formation  of  actin-containing  motil¬ 
ity  structures  such  as  lamellae  and  filopodia.  In  fact,  we 
have  shown  recently  that  c«6p4  is  localized  in  lamellae 
and  filipodia  of  clone  A  cells  and  that  the  migration  of 
these  cells  on  laminin-1  involves  the  a6p4  integrin- 
dependent  formation  of  these  structures  (Rabinovitz  and 
Mercurio,  1997).  An  important  finding  in  the  present 
study  is  that  the  formation  of  these  lamellae  is  depen¬ 
dent  on  PI3K.  Quite  surprisingly,  wortmannin  inhibited 
the  formation  of  lamellae  but  had  little  effect  on  the 
adhesion  of  these  cells.  These  observations  implicate 
a  rather  specific  role  for  a6p4-regulated  P13K  activity 
in  inducing  the  formation  of  actin-containing  motility 
structures  in  carcinoma  cells.  The  lipid  products  of  PI3K, 
the  D3  phosphoinositides,  could  play  a  direct  role  in 
their  formation  because  they  can  bind  to  a  number  of 
proteins  that  regulate  actin  assembly  (Hartwig  et  al., 
1996;  Lu  et  al.,  1996),  and  they  have  been  shown  to 
contribute  to  filopodial  actin  assembly  in  platelets  (Hart- 
wig  et  al.,  1996). 

An  issue  that  arises  from  the  data  presented  is  the 
mechanism  by  which  the  a6p4  Integrin  activates  PI3K. 
The  preferential  activation  of  PI3K  by  a6p4  compared 
to  «6pi,  as  well  as  other  pi  integrins,  in  the  MDA-MB- 
435  cells  suggests  that  the  mechanism  by  which  a6p4 
activates  PI3K  differs  either  quantitatively  or  qualita¬ 
tively  from  these  integrins.  We  know  that  the  p4  cyto¬ 
plasmic  domain  is  required  for  PI3K  activation  because 
a  cytoplasmic  domain  mutant  of  the  p4  subunit  failed 
to  Increase  PI3K  activity  upon  ligation.  Although  the 
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sequence  of  the  p4  cytoplasmic  domain  Is  different  from 
other  integrin  p  subunits,  it  does  not  contain  the  con¬ 
sensus  sequence  for  p85  binding  via  SH2  domains, 
YMXM  (Cantley  and  Songyang,  1994),  thus  diminishing 
the  possibility  of  a  direct  association  with  PI3K.  In  fact, 
we  have  not  been  able  to  detect  such  an  association  in 
our  experiments.  More  likely,  signaling  intermediates 
are  involved.  In  keratinocytes,  for  example,  the  p4  cyto¬ 
plasmic  domain  can  bind  to  the  adaptor  protein  She 
and  link  the  a6p4  integrin  to  the  activation  of  Ras  and 
downstream  MARK  pathways  (Mainiero  et  al.,  1997). 
Although  MARK  does  not  appear  to  be  essential  for  the 
invasion  of  MDA-MB-435  cells  even  though  its  activity 
is  stimulated  by  a6p4  ligation,  the  issue  of  whether  a6p4 
activation  of  Ras  itself  is  involved  in  RI3K  activation  is 
relevant  because  Ras  has  been  shown  to  activate  RI3K 
(Rodriguez-Viciana  et  al.,  1994,  1996). 

One  downstream  effector  of  RI3K  that  we  demon¬ 
strate  is  involved  in  carcinoma  invasion  is  the  small 
GTR-binding  protein  Rac  (Nobes  and  Hall,  1995).  This 
observation  supports  the  previous  reports  that  both 
constitutively  active  Rac  and  Tiam-1,  a  GDR-dissocia- 
tion  stimulator  for  Rac,  can  induce  the  invasion  of 
lymphoid  cells  (Habets  et  al.,  1 994;  Michiels  et  al.,  1 995). 
Interestingly,  neither  constitutively  active  Rac  nor  con¬ 
stitutively  active  Rho  and  Cdc42  were  able  to  increase 
invasion  of  MDA-MB-435  cells,  suggesting  that  activa¬ 
tion  of  other  RI3K  dependent  pathways  is  also  required 
in  these  cells.  Given  the  potential  importance  of  Rac  to 
Invasion,  subsequent  studies  on  the  a6p4-RI3K  pathway 
will  focus  on  downstream  effectors  of  Rac.  One  down¬ 
stream  effector  of  Rac  that  we  have  determined  is  not 
involved  in  invasion  is  p70  S6K  (Chou  and  Blenis,  1995, 
1996).  Although  p70  S6K  is  activated  by  a6p4  ligation 
in  the  MDA-MB-435  cells,  rapamycin,  which  blocks  p70 
S6K  activation  (Chung  et  al.,  1 992;  Kuo  et  al.,  1 992;  Price 
et  al.,  1992),  did  not  inhibit  invasion.  Other  possible 
effectors  of  Rac  are  the  family  of  related  p21  -activated 
serine/threonine  kinases  (PAK1 ,  -2,  -3)  that  bind  to  and 
are  activated  by  both  Rac  and  Cdc42  (Manser  et  al., 
1 994;  Martin  et  al.,  1 995).  The  current  data  on  the  role  of 
the  PAKs  in  mediating  the  effects  of  Rac  are  conflicting 
(Harden  et  al.,  1996;  Joneson  et  al.,  1996;  Lamarche  et 
al.,  1 996;  Westwick  et  al.,  1 997).  However,  these  kinases 
and  their  downstream  effector  JNK  can  mediate  actin 
rearrangements  in  some  cell  types  and,  for  this  reason, 
could  contribute  to  the  motile  events  required  for  inva¬ 
sion.  This  possibility  is  interesting  because  results  from 
primary  keratinocytes  suggest  that  the  a6p4  integrin  can 
activate  JNK  in  a  Rac-dependent  manner  and  that  this 
activity  is  inhibited  by  wortmannin  (Mainiero  et  al.,  1 997). 

The  P13K  signaling  pathways  involved  in  invasion  ap¬ 
pear  distinct  from  those  involved  in  PI3K-dependent  cell 
survival.  Even  though  the  Akt  kinase  is  activated  by 
a6p4  ligation,  it  is  not  required  for  invasion  of  the  breast 
carcinoma  cells  we  examined.  In  fact,  expression  of  a 
constitutively  active  form  of  Akt  actually  inhibited  the 
invasion  of  these  cells,  most  likely  because  activated 
Akt  uses  the  D3-phosphoinositide  products  of  PI3K  at 
the  expense  of  those  P13K-dependent  pathways  that 
are  involved  in  invasion.  A  fascinating  problem  is  raised 
by  these  observations  because  carcinoma  progression 
Involves  both  tumor  cell  invasion  and  survival.  The  re¬ 
cent  demonstration  that  Akt  is  required  for  the  survival 


of  several  cell  types  (Dudek  et  al.,  1997;  Kennedy  et  al., 
1997),  coupled  with  our  finding  that  PI3K  is  required 
for  invasion,  suggests  that  two  essential  functions  of 
progression  may  require  the  products  of  PI3K  and  that 
the  balance  between  the  use  of  these  pathways  may 
impact  tumor  cell  invasion  or  survival. 

In  summary,  we  have  identified  a  specific  integrin-medi- 
ated  pathway  involving  PI3K  that  promotes  carcinoma 
invasion.  This  pathway  involves  the  small  GTP-binding 
protein  Rac.  These  findings  are  particularly  important 
because  they  suggest  that  this  PI3K  signaling  pathway 
is  a  potential  target  for  inhibiting  tumor  spread. 

Experimental  Procedures 

Cells 

The  l\/IDA-MB-435  breast  carcinoma  cell  line  was  obtained  from  the 
Lombardi  Breast  Cancer  Depository  at  Georgetown  University.  The 
MDA-MB-435  cells  were  grown  in  Dulbecco’s  modified  Eagle’s  me¬ 
dium  (DMEM,  GIBCO)  supplemented  with  10%  fetal  calf  serum 
(GIBCO)  and  1  %  penicillin-streptomycin  (GIBCO).  Clone  A  cells  were 
grown  in  RPMI  supplemented  with  25  mM  HEPES  (RPMI-H),  10% 
fetal  calf  serum,  and  1%  penicillin-streptomycin. 

The  cloning  of  the  human  p4  cDNA,  the  construction  of  the  p4 
cytoplasmic  domain  deletion  mutant  04-ACYT),  and  their  insertions 
into  the  pRc/CMV  04)  and  pcDNA3  04-ACYT)  eukaryotic  expres¬ 
sion  vectors,  respectively,  have  been  described  previously  (Clarke 
et  al.,  1995).  The  vectors  containing  the  full-length  and  mutant  (34 
cDNAs,  as  well  as  the  pcDNA3  vector  alone,  were  transfected  Into 
the  MDA-MB-435  cell  line  using  Lipofectin  (GIBCO)  according  to 
the  manufacturer’s  instructions.  Neomycin-resistant  cells  were  iso¬ 
lated  by  selective  growth  in  medium  containing  G418  (0.6  mg/ml; 
GIBCO).  The  stable  transfectants  were  pooled  and  populations  of 
cells  that  expressed  the  human  p4  subunit  on  the  cell  surface  were 
Isolated  by  FACS.  A  human  p4  integrin-specific  MAb,  UM-A9 
(obtained  from  Tom  Carey),  was  used  for  this  sorting  and  for  sub¬ 
sequent  analysis  of  the  transfectants.  The  sorting  was  repeated 
sequentially  to  enrich  for  homogeneous  populations  of  cells  ex¬ 
pressing  high  levels  of  the  transfected  p4  and  p4-ACYT  subunits 
on  the  cell  surface.  Subclones  were  isolated  from  these  populations 
by  FACS.  Surface  labeling  and  immunoprecipitation  with  A9  were 
done  to  confirm  that  the  a6(34  heterodimer  was  expressed  on  these 
subclones. 

Analysis  of  Integrin  Surface  Expression 

The  relative  surface  expression  of  integrin  subunits  on  the  mock 
and  p4  transfectants  of  the  MDA-MB-435  cells  was  assessed  by 
flow  cytometry.  For  this  purpose,  aliquots  of  cells  (5  x  10®)  were 
incubated  for  45  min  at  room  temperature  with  RPMI-H  and  0.2% 
BSA  (RH/BSA)  and  the  following  integrin-specific  Abs;  2B7  (a6;  pre¬ 
pared  in  our  laboratory);  MAb  13  01;  provided  by  Stephen  Akiyama); 
A9  (34;  provided  by  Thomas  Carey);  as  well  as  mouse  IgG  (Sigma). 
The  cells  were  washed  two  times  with  RH/BSA  and  then  incubated 
with  goat  F(ab')2  anti-mouse  IgG  coupled  to  fluorescein  (Tago)  for 
45  min  at  room  temperature.  After  washing  two  times  with  RH/BSA, 
the  cells  were  resuspended  in  the  same  buffer  and  analyzed  by  flow 
cytometry. 

Invasion  Assays 

Matrigel  invasion  assays  were  performed  as  described  (Shaw  et  al., 
1996)  using  6.5  mm  Transwell  chambers  (8  ixm  pore  size;  Costar). 
Matrigel,  purifed  from  the  EHS  tumor,  was  diluted  in  cold  distilled 
water,  added  to  the  Transwells  (2-10  |xg/well),  and  dried  in  a  sterile 
hood.  The  Matrigel  was  then  reconstituted  with  medium  for  an  hour 
at  37°C  before  the  addition  of  cells.  Cells  were  resuspended  in 
serum-free  medium  containing  0.1  %  BSA,  and  cells  were  added  to 
each  well.  Conditioned  NIH-3T3  medium  was  added  to  the  bottom 
wells  of  the  chambers.  After  4-6  hr,  the  cells  that  had  not  invaded 
were  removed  from  the  upper  face  of  the  filters  using  cotton  swabs, 
and  the  cells  that  had  invaded  to  the  lower  surface  of  the  filters 
were  fixed  in  methanol  and  then  stained  with  a  0.2%  solution  of 
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crystal  violet  in  2%  ethanol.  Invasion  was  quantitated  by  visual 
counting.  The  mean  of  five  individual  fields  in  the  center  of  the  filter 
where  invasion  was  the  highest  was  obtained  for  each  well.  In  some 
assays,  the  cells  were  preincubated  for  30  min  before  addition  to 
the  Matrigel-coated  wells  with  either  wortmannin  (Ui  et  al.,  1995), 
PD98059  (Dudley  et  al.,  1 995;  Pang  et  al.,  1 995),  or  rapamycin  (Chung 
et  al.,  1992;  Kuo  et  al.,  1 992;  Price  et  al.,  1 992).  For  assays  that  used 
the  transient  transfectants  described  below,  the  cells  were  fixed  for 
30  min  In  4%  paraformaldehyde  and  then  stained  with  PBS  con¬ 
taining  1  mg/ml  bluo-gal  (Boehringer  Mannheim),  2  mM  MgClj,  5 
mM  potassium  ferrocyanide,  and  5  mM  potassium  ferricyanide. 

Kinase  Assays 

Cells  were  removed  from  their  dishes  with  trypsin  and  washed  twice 
with  RH  containing  0.2%  heat-inactivated  BSA.  After  washing,  the 
cells  were  resuspended  in  the  same  buffer  at  a  concentration  of 
2  X  10®  cells/ml  and  Incubated  for  30  min  with  integrin-specific 
antibodies  or  in  buffer  alone.  The  cells  were  washed  once,  resus¬ 
pended  In  the  same  buffer,  and  added  to  plates  that  had  been 
coated  overnight  with  either  anti-mouse  IgG  or  laminin-1 .  After  a  30 
min  incubation  at  37  C,  the  cells  were  washed  twice  with  cold  PBS 
and  solubilized  at  4'C  for  10  min  In  a  20  mM  Tris  buffer  (pH  7.4), 
containing  0.14  M  NaCI,  1%  NP-40,  10%  glycerol,  1  mM  sodium 
orthovanadate,  2  mM  PMSF,  5  iig/ml  aprotinin,  pepstatin,  and  leu- 
peptin.  Nuclei  were  removed  by  centrifugation  at  1 2,000  x  g  for  1 0 
min. 

To  assay  PI3K  activity,  aliquots  of  cell  extracts  that  contained 
equivalent  amounts  of  protein  were  incubated  for  3  hr  at  4"C  with 
either  the  antl-phosphotyrosine  MAb  4G10  (UBI)  or  a  p85  subunit- 
specific  PI3K  antibody  and  Protein  A  sepharose  (Pharmacia).  The 
sepharose  beads  were  washed  twice  with  solubilization  buffer  and 
twice  with  a  10  mM  HEPES  buffer  (pH  7)  containing  0.1  mM  EGTA 
(kinase  buffer).  After  removal  of  the  last  wash,  the  beads  were  re¬ 
suspended  in  kinase  buffer  containing  10  iJig  of  sonicated  crude 
brain  lipids  (Sigma),  100  |xM  ATP,  25  mM  MgCI^,  and  10  )iCi 
(7-^^PJATP  and  incubated  for  10  min  at  room  temperature.  The  reac¬ 
tion  was  stopped  by  the  addition  of  60  |xl  2N  HCI  and  160  fxl  of  a 
1:1  mixture  of  chloroform  and  methanol.  Lipids  were  resolved  by 
thin  layer  chromatography  plates  coated  with  potassium  oxalate. 

To  assay  MAP  kinase,  total  cell  extracts,  prepared  as  described 
above,  were  resolved  by  electrophoresis  on  SDS-polyacrylamide 
gels  (1 0%),  transferred  to  nitrocellulose,  and  blotted  with  a  phospho- 
specific  ERK  polyclonal  antibody  that  recognizes  the  phosphory- 
lated  Isoforms  of  ERK-1  and  ERK-2  (New  England  BioLabs,  Inc.). 
Immune  complexes  were  detected  using  a  secondary  antibody  con¬ 
jugated  to  horseradish  peroxidase  and  visualized  by  enhanced 
chemiluminescence  (Amersham,  Inc.).  The  blots  were  then  stripped 
and  reprobed  with  an  ERK-1  antibody  (provided  by  John  Blenis) 
that  recognizes  both  ERK-1  and  ERK-2. 

To  assay  Akt  kinase  activity,  total  cell  extracts  containing  equiva¬ 
lent  amounts  of  protein  were  precleared  with  a  1 :1  mixture  of  Protein 
A/ProteIn  G  and  then  incubated  with  a  polyclonal  antibody  that 
recognizes  the  C-terminal  end  of  Akt  (provided  by  Thomas  Franke) 
for  3  hr  at  4  C,  After  a  1  hr  incubation  with  the  Protein  A/Protein  G 
mixture,  the  beads  were  washed  3  times  with  solubilization  buffer, 
once  with  H^O,  and  once  with  a  20mM  HEPES  buffer  (pH  7.4)  con¬ 
taining  1 0  mM  MgCl2  and  1 0  mM  MnCI?  (kinase  buffer).  After  removal 
of  the  last  wash,  the  beads  were  resuspended  in  30  ^1  of  kinase 
buffer  containing  5  |xM  ATP,  1  mM  DTT,  10  fj.CI  [y-^^PJATP,  and  1.5 
fxg  of  Histone  H2B  (Boehringer  Mannheim)  and  Incubated  for  20  min 
at  room  temperature.  The  reaction  was  stopped  by  the  addition  of 
5x  Laemmli  sample  buffer  and  resolved  by  electrophoresis  on  SDS- 
polyacrylamide  gels  (12%). 

To  assay  p70  S6K  activation,  total  cell  extracts,  prepared  as  de¬ 
scribed  above,  were  resolved  by  electrophoresis  on  SDS-polyacryl¬ 
amide  gels  (8%),  transferred  to  nitrocellulose,  and  blotted  with  a 
polyclonal  antibody  that  recognizes  the  C-terminal  end  of  p70  S6K 
(provided  by  John  Blenis).  Immune  complexes  were  detected  using 
a  secondary  antibody  conjugated  to  horseradish  peroxidase  and 
visualized  by  enhanced  chemiluminescence  (Amersham,  Inc.). 

Transient  Transfections 

The  constitutively  active  PI3K  catalytic  pi  1 0  subunit  was  a  generous 
gift  of  Julian  Downward,  ICRF,  London.  The  small  GTP-binding  pro¬ 
teins  V14Rho,  V12Rac,  Vl2Cdc42,  N17Rac,  and  N17Cdc42,  in  the 


pEBG  vector,  were  a  kind  gift  of  Margaret  Chou,  University  of  Penn¬ 
sylvania.  The  constitutively  active  Akt  was  kindly  provided  by  Philip 
Tsichlis,  Fox  Chase  Cancer  Center,  PA.  The  dominant  negative  PI3K 
p85  subunit  was  kindly  provided  by  Brian  Schaffhausen,  Tufts  Uni¬ 
versity.  The  pCS2-(n)f3-Gal  was  a  gift  from  Sergei  Sokol,  Beth  Israel 
Deaconess  Medical  Center. 

Cells  were  cotransfected  with  1  p.g  pCS2-(n)(i-Gal  and  the  cDNAs 
specified  In  the  figure  legends  using  LIpofectamlne  (GIBCO)  ac¬ 
cording  to  manufacturer’s  instructions.  Cells  were  harvested  24  hr 
after  transfection  and  added  to  Matrigel  invasion  assays  as  de¬ 
scribed.  Transfected  cells  were  also  plated  In  48  wells  to  stain  for 
p-galactosidase  expression  to  determine  transfection  efficiency. 
The  remaining  cells  were  collected  and  extracted  In  RIPA  buffer 
(phosphate  buffered  saline  [pH  7.4]  containing  1%  NP-40,  0.5% 
sodium  deoxycholate,  0.1  %  SDS,  2  mM  PMSF,  and  5  jig/ml  aproti¬ 
nin,  leupeptin,  and  pepstatin).  These  cell  extracts  were  Immunopre- 
cipitated  with  HA-  (Myr-Akt;  Boehringer  Mannheim),  Myc-  (Myr-p1 1 0 
and  p85;  Oncogene  Science),  or  GST-  (VI  4Rho,  VI  2Rac,  V1 2Cdc42, 
N17Rac,  N17Cdc42,  and  Dp85;  Santa  Cruz)  specific  antibodies,  re¬ 
solved  by  electrophoresis  on  SDS-polyacrylamide  gels  (10%),  and 
transferred  to  nitrocellulose.  The  expression  of  the  tagged  proteins 
was  detected  by  blotting  with  the  same  antibodies. 
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Expression  of  the  a6p4  integrin  increases  the  invasive  potential  of  carcinoma  cells  by  a  mechanism  that 
involves  activation  of  phosphoinositide  3-OH  kinase  (PI3K).  In  the  present  study,  we  investigated  the  signaling 
pathway  by  which  the  a6p4  integrin  activates  PI3K.  Neither  the  a6  nor  the  P4  cytoplasmic  domain  contains 
the  consensus  binding  motif  for  PI3K,  pYMXM,  indicating  that  additional  proteins  are  likely  to  be  involved  in 
the  activation  of  this  lipid  kinase  by  the  a6p4  integrin.  We  identified  insulin  receptor  substrate  1  (IRS-1)  and 
IRS-2  as  signaling  intermediates  in  the  activation  of  PI3K  by  the  a6p4  integrin.  IRS-1  and  IRS-2  are 
cytoplasmic  adapter  proteins  that  do  not  contain  intrinsic  kinase  activity  but  rather  function  by  recruiting 
proteins  to  surface  receptors,  where  they  organize  signaling  complexes.  Ligation  of  the  a6p4  receptor  promotes 
tyrosine  phosphorylation  of  IRS-1  and  IRS-2  and  increases  their  association  with  PI3K,  as  determined  by 
coimmunoprecipitation.  Moreover,  we  identified  a  tyrosine  residue  in  the  cytoplasmic  domain  of  the  p4 
subunit,  Y1494,  that  is  required  for  a6p4-dependent  phosphoiylation  of  IRS-2  and  activation  of  PI3K  in 
response  to  receptor  ligation.  Most  importantly,  Y1494  is  essential  for  the  ability  of  the  a6p4  integrin  to 
promote  carcinoma  invasion.  Taken  together,  these  results  imply  a  key  role  for  the  IRS  proteins  in  the 
a6p4-dependent  promotion  of  carcinoma  invasion. 


Cell  adhesion  molecules  play  an  important  role  in  normal 
epithelia,  and  changes  in  their  expression  and  function  con¬ 
tribute  to  the  progression  of  epithelial  cells  to  invasive,  meta¬ 
static  carcinoma.  For  example,  cell-cell  interactions  in  many 
tumors  are  altered  through  a  quantitative  decrease  in  cadherin 
expression,  which  reduces  intercellular  adhesion  (5).  This  dis¬ 
ruption  of  cell-cell  adhesion  is  permissive  for  increased  cell 
motility.  Cell  adhesion  can  also  be  modified  through  qualita¬ 
tive  changes  in  receptor  function  that  promote  the  dynamic 
adhesion  that  is  required  for  motile,  invasive  cells  (31).  In 
recent  years,  a  significant  amount  of  evidence  to  suggest  that 
the  a6p4  integrin  is  a  member  of  this  category  of  adhesion 
receptors  has  accumulated.  Specifically,  the  expression  of  this 
integrin  receptor  is  maintained  in  carcinoma  cells  but  it  func¬ 
tions  in  a  manner  distinct  from  its  role  in  normal  epithelial 
cells  (55).  The  involvement  of  the  p4  integrin  subunit  in  car¬ 
cinoma  cell  biology  was  initially  suggested  by  its  identification 
as  a  tumor-related  antigen  expressed  in  metastatic  cancer  (22). 
Since  then,  many  studies  have  reported  a  strong  association  of 
p4  expression  with  solid-tumor  progression.  For  example,  the 
P4  subunit  is  not  expressed  in  the  normal  thyroid  but  its  ex¬ 
pression  correlates  with  the  progression  to  invasive  thyroid 
carcinoma  (62).  The  p4  subunit  is  also  expressed  in  androgen 
receptor-negative  invasive  prostate  carcinomas  and  at  the  lead¬ 
ing  edges  of  invading  gastric  carcinomas  (6,  75).  Moreover, 
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expression  of  the  p4  subunit  correlates  with  a  poor  prognosis  in 
patients  with  squamous  cell,  breast,  and  colon  carcinomas  (23, 
71,  82).  These  correlative  data  have  been  supported  more 
recently  by  functional  studies  that  have  provided  mechanistic 
insight  into  how  the  a6p4  integrin  contributes  to  tumor  pro¬ 
gression.  In  previous  studies,  we  demonstrated  that  the  a6p4 
integrin  can  increase  the  invasive  potential  of  breast  carcinoma 
cells,  a  finding  that  has  been  confirmed  for  other  cell  types  as 
well  (12,  21,  64,  67).  Furthermore,  expression  of  the  a6p4 
receptor  increases  the  survival  of  p53  mutant  carcinoma  cells 
(2,  74).  Given  that  invasion  and  survival  are  two  critical  func¬ 
tions  of  metastatic  cells,  it  is  important  to  understand  in  more 
detail  the  mechanism  of  action  of  the  a6p4  integrin  in  tumor 
cells. 

In  normal  epithelia,  the  a6p4  integrin  functions  as  a  recep¬ 
tor  for  the  laminin  family  of  extracellular  matrix  proteins  and 
mediates  the  stable  attachment  of  epithelial  cells  to  the  under¬ 
lying  basement  membrane  (7,  41).  Many  studies,  including 
those  involving  knockout  of  the  p4  subunit,  have  substantiated 
the  importance  of  the  adhesive  contributions  of  the  a634  in¬ 
tegrin  to  normal  epithelial  function  (19,  81).  In  the  absence  of 
the  p4  subunit,  and  more  specifically  the  (34  cytoplasmic  do¬ 
main,  a  lethal  blistering  of  the  epithelium,  which  is  known  as 
epidermolysis  bullosa,  occurs  (19,  81).  In  carcinoma  cells,  the 
a6(34  integrin  also  functions  as  a  laminin  receptor  and  the  |34 
subunit  interacts  with  the  actin  cytoskeleton  to  promote  the 
formation  of  actin-rich  structures  that  are  important  for  cell 
motility  (54,  56).  However,  in  addition  to  its  mechanical  in¬ 
volvement  in  mediating  adhesive  interactions,  the  a6p4  inte¬ 
grin  activates  intracellular  signaling  pathways  that  are  essential 
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for  the  ability  of  this  receptor  to  promote  tumor  progression 
(51,  52,  64).  For  example,  our  analysis  of  the  mechanism  in¬ 
volved  in  the  a634-dependent  promotion  of  invasion  revealed 
that  phosphoinositide  3-OH  kinase  (PI3K)  activation  by  the 
receptor  is  essential  for  this  function  (64).  The  ability  of  the 
a6p4  integrin  to  promote  PI3K  activation  is  greater  than  that 
observed  for  other  pi  integrins,  which  supports  the  increased 
potential  of  this  integrin  to  promote  carcinoma  invasion.  Ac¬ 
tivation  of  PI3K  by  the  a6p4  integrin  is  also  required  for  the 
ability  of  this  integrin  to  promote  carcinoma  cell  survival 
through  the  activation  of  the  Akt  kinase  (2,  3,  74). 

PI3K  is  a  lipid  kinase  that  phosphorylates  the  D3  position 
of  inositol  lipids  to  form  the  products  phosphatidyl  inositol 
(PtdIns)-3-P,  PtdIns-3,4-P2,  and  PtdIns-3,4,5-P3  (76).  These 
D3  phosphoinositides  are  expressed  at  very  low  levels  in  un- 
stimulated  cells,  but  their  levels  arc  increased  in  response  to 
many  different  stimuli,  supporting  their  role  as  second  messen¬ 
gers.  A  major  function  of  the  D3  phosphoinositides  is  to  bind 
and  recruit  signaling  molecules  to  the  plasma  membrane, 
where  they  can  interact  with  other  regulatory  and  effector 
molecules  (76).  The  involvement  of  PI3K  in  carcinoma  cell 
biology  has  been  proposed  from  both  direct  and  indirect  evi¬ 
dence.  As  mentioned  above,  PI3K  activity  promotes  carcinoma 
invasion  and  survival,  and  it  has  also  been  implicated  in  pro¬ 
moting  anchorage-independent  growth  (20,  34,  35,  64).  An 
avian  sarcoma  virus  that  encodes  the  catalytic  subunit  of  PI3K 
transforms  chicken  embryo  fibroblasts,  suggesting  that  PI3K 
can  also  play  a  role  in  the  early  stages  of  tumor  initiation  (11). 
Finally,  PTEN,  a  lipid  phosphatase  that  regulates  the  levels  of 
the  PI3K  lipid  products,  is  frequently  mutated  or  deleted  in 
tumors  (9, 18).  The  identification  of  the  PTEN  gene  as  a  tumor 
suppressor  gene  demonstrates  the  importance  of  tightly  regu¬ 
lating  the  activity  of  PI3K.  In  light  of  these  findings,  the  rele¬ 
vance  of  determining  how  the  a6p4  integrin  activates  the  PI3K 
signaling  pathway  is  evident. 

The  a6p4  integrin  is  distinct  from  other  integrin  receptors 
because  the  p4  subunit  contains  a  1,000-amino-acid  cytoplas¬ 
mic  domain  (27,  70,  72).  This  large  intracellular  domain  is 
important  for  many  of  the  known  a6p4-dependent  functions. 
For  example,  the  p4  cytoplasmic  domain  is  essential  for 
hemidesmosome  formation  in  normal  epithelial  cells  and  it  is 
required  for  promoting  carcinoma  cell  invasion  (44,  64).  In  the 
absence  of  the  P4  cytoplasmic  domain,  the  a6p4  receptor  is  not 
capable  of  activating  PI3K  or  other  signaling  pathways  that 
have  been  shown  to  be  activated  by  this  integrin,  including  the 
mitogen-activated  protein  kinase  (MAPK)  pathway  (64).  Al¬ 
though  a  number  of  proteins  that  interact  with  the  p4  cyto¬ 
plasmic  domain  in  hemidesmosomes  have  been  identified,  very 
little  is  known  about  the  structural  requirements  for  signaling 
by  this  integrin  or  the  specific  interactions  that  occur  with 
downstream  effectors  to  initiate  signals  (48,  57).  Recently,  the 
binding  site  in  the  p4  cytoplasmic  domain  for  the  adapter 
protein  She,  which  recruits  Grb2  and  Sos  to  promote  Ras 
activation,  has  been  identified  (16,  43).  However,  the  binding 
motif  for  the  p85  regulatory  subunit  of  PI3K,  YMXM,  is  not 
present  in  the  p4  cytoplasmic  domain,  which  suggests  that 
alternative  mechanisms  are  required  to  recruit  this  lipid  kinase 
(10). 

In  the  present  study,  we  have  examined  the  mechanism  by 
which  the  cx6p4  integrin  activates  the  PI3K  signaling  pathway. 


In  light  of  the  fact  that  the  (34  subunit  cytoplasmic  domain  does 
not  contain  a  binding  site  to  directly  interact  with  PI3K,  we 
sought  to  identify  the  intermediate  proteins  that  are  responsi¬ 
ble  for  recruiting  PI3K  to  the  plasma  membrane  in  response  to 
a6(34  ligation.  We  identified  two  members  of  the  insulin  re¬ 
ceptor  substrate  (IRS)  family,  IRS-1  and  IRS-2,  which  are 
specific  mediators  of  a6(34-dependent  activation  of  PI3K  (84). 
In  addition,  we  investigated  the  structural  requirements  of  the 
P4  subunit  cytoplasmic  domain  for  PI3K  activation.  Through 
this  analysis  we  identified  a  specific  tyrosine  residue  in  the  p4 
subunit,  Y1494,  that  is  required  for  a6p4-dependent  activation 
of  PI3K  and,  importantly,  for  the  ability  of  this  integrin  recep¬ 
tor  to  promote  carcinoma  invasion. 

MATERIALS  AND  METHODS 

Cells  and  antibodies.  MDA-MB-435  cells  were  grown  in  Dulbccco’s  modified 
Eagle's  medium  (DMEM:  Biowhittaker)  supplemented  with  lO'^r  fetal  calf  se¬ 
rum  (Sigma),  K;  penicillin-streptomycin  (Gihco).  and  ITr  GlutaMax  (Gibco). 
1'47D  cells  were  grown  in  DMEM  supplemented  with  !(E;  fetal  calf  serum,  Kf 
penicillin-streptomycin,  K/r  GlutaMax,  and  5  p.g  of  insulin  (Gibco)/ml.  The  rat 
monoclonal  antibody  that  recognizes  the  a6-inlegrin  subunit  ( 135-I3C)  was  a  gift 
from  Rita  Falcioni,  and  the  mouse  monoclonal  antibody  that  recognizes  the 
(a4-integrin  subunit  (UM-A^J)  was  purchased  from  Ancell.  The  IRS- 1 -specific 
polyclonal  antibody  was  purchased  from  Santa  Cruz  Biotechnology.  The  IRS-2- 
specific  polyclonal  antibody  and  the  4G1()  phosphotyrosine-specific  monoclonal 
antibody  were  purchased  from  Upstate  Biotechnology  Inc.  The  RC-20  biotinyl- 
aled-phosphotyrosine-specific  monoclonal  antibody  was  purchased  from  Trans¬ 
duction  Labs.  The  pS5-specific  polyclonal  antiserum  was  a  gift  from  Alex  Toker, 

Integrin  clustering.  Cells  were  removed  from  their  dishes  with  tr\'psin  and 
w'ashed  twice  with  RPMI  medium  containing  25  mM  HEPES  (RH)  and 
heat  inactivated  benine  serum  albumin  (BSA;  RH-BSA).  After  being  w  ashed,  the 
cells  were  resuspended  in  the  same  buffer  at  a  concentration  of  2  x  UV’  cells^ml 
and  incubated  for  .20  min  with  integrin-specific  antibodies  or  in  buffer  alone.  The 
cells  were  washed  once,  resuspended  in  the  same  buffer,  and  added  to  plates  that 
had  been  coated  overnight  with  anti-mouse  immunoglobulin  G  (IgG).  After  a 
30-min  incubation  at  37°C,  the  cells  were  washed  twice  with  cold  phosphate- 
buffered  saline  (PBS)  and  solubilized  at  4°C  for  10  min  in  a  20  mM  Tris  buffer, 
pH  7,4,  containing  0.14  M  Nad.  1C?  NP-40,  Kff?  glycerol,  1  mM  sodium  or¬ 
thovanadate,  2  mM  phenylmethylsulfonyl  fluoride,  and  5  )xg  of  aprotinin.  pep- 
statin.  and  leupeptin/ml.  Nuclei  were  removed  by  centrifugation  at  12.000  x  g  for 
10  min.  For  laminin  attachment  assays,  cells  were  added  to  plates  (100  mm  in 
diameter)  that  had  been  coated  overnight  with  150  p.g  of  laminin-l  and  incu¬ 
bated  for  45  min  at  37°C, 

Immunoprecipitation  and  immunoblotting.  Aliquots  of  cell  extracts  contain¬ 
ing  equivalent  amounts  of  protein  were  incubated  for  3  h  at  4T  w  ith  antibodies 
and  protein  A-  or  protein  G-Sepharose  (Pharmacia)  with  constant  agitation.  The 
beads  were  w'ashed  three  times  in  the  extraction  buffer.  Liiemmli  sample  buffer 
w'as  added  to  the  samples,  which  were  then  incubated  at  lOOT  for  4  min. 
Immunoprecipitates  were  resolved  by  sodium  dodecyl  sulfate-polyacrxiamide  gel 
electrophoresis  (SDS-PAGE)  and  transferred  to  nitrocellulose  filter.s.  The  filters 
were  blocked  for  1  h  using  a  50  mM  Tris  buffer.  pH  7.5.  containing  0.15  M  NaCI 
and  0.05C?  Iween  20  (TBST)  and  5C?  (wtVol)  Carnation  drx-  milk.  The  filters 
were  incubated  for  1  h  in  the  same  buffer  containing  primarx'  antibodies.  After 
three  10-min  washes  in  TB.ST,  the  filters  were  incubated  for  1  h  in  blocking  buffer 
containing  horseradish  peroxidase  (HRP)-conjugated  secondarx'  antibodies.  Af¬ 
ter  three  10-min  washes  in  TBST.  proteins  were  detected  by  enhanced  chemilu¬ 
minescence  (Pierce).  For  RC-20  phosphotyrosine  immunoblols.  the  filters  were 
blocked  for  1  h  using  a  10  mM  Tris  buffer.  pH  7.5.  containing  0.5  M  NaCl  and 
0.1'/?  Tween  20  (RC-20  buffer)  and  2C?  (wtVol)  Carnation  drx'  milk.  The  filters 
were  washed  briefly  in  RC-20  buffer  and  then  incubated  overnight  at  4'^C  in 
RC-20  buffer  containing  3*;?  (wt/vol)  BSA  and  a  1:500  dilution  of  the  RC-20 
antibody.  After  being  w'ashed.  the  filters  w  ere  incubated  for  1  h  in  blocking  buffer 
containing  HRP-conjugated  streptavidin.  and  the  proteins  were  detected  by 
e  n  h  a  net*  d  c  h  e  m  i  1  u  m  i  n  e  see  nc  e . 

IM3K  kinase  assay.  To  assay  PI3K  activity.  alic|uots  of  cell  e.xtracts  that  con¬ 
tained  equivalent  amounts  of  protein  were  incubated  for  3  h  at  4°C  with  anti¬ 
bodies  and  protein  A-Sepharosc  (Pharmacia).  The  Sepharosc  beads  were 
washed  twice  with  solubilization  buffer  and  twice  with  a  10  mM  HEPES  buffer, 
pH  7,  containing  0.1  mM  EGTA  (kinase  buffer).  After  removal  of  the  last  wa.sh. 
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the  beads  were  resuspended  in  kinase  buffer  containing  10  ixg  of  sonicated  crude 
brain  lipids  (Sigma),  100  |liM  ATP,  25  mM  MgCl2,  and  10  (xCi  of  [7-^^P]ATP  and 
incubated  for  10  min  at  room  temperature.  The  reaction  was  stopped  by  the 
addition  of  60  ^JLl  of  2  N  HCl  and  160  p.1  of  a  1:1  mixture  of  chloroform  and 
methanol.  Lipids  were  resolved  by  using  thin-layer  chromatography  plates  coated 
with  potassium  oxalate. 

Site-directed  mutagenesis.  The  cloning  of  the  human  wild-type  p4  cDNA 
(P4D)  and  its  transfection  into  the  MDA-MB-435  cell  line  have  been  described 
previously  (13,  64).  Tyrosine  residues  1257  and  1494  in  the  p4  subunit  were 
mutated  to  phenylalanine  residues  using  the  Quickchange  site-directed  mutagen¬ 
esis  kit  (Stratagene).  Briefly,  overlapping  primers  containing  the  desired  muta¬ 
tions  were  used  to  amplify  the  (34  cDNA  and  vector  by  PCR  and  the  resulting 
point  mutations  were  confirmed  by  dideoxy  sequencing.  The  vectors  containing 
the  mutant  (34  cDNAs  were  transfected  into  the  MDA-MB-435  cell  line  using 
Lipofectamine  (Gibco)  according  to  the  manufacturer’s  instructions.  Neomycin- 
resistant  cells  were  isolated  by  selective  growth  in  medium  containing  G418  (0.8 
mg/ml;  Gibco).  The  stable  transfectants  were  pooled,  and  subclones  of  cells  that 
expressed  the  mutant  (34  subunits  on  the  cell  surface  were  isolated  by  fluores¬ 
cence-activated  cell  sorting  (FACS).  The  human  p4  integrin-specific  monoclonal 
antibody,  UM-A9  (Ancell),  was  used  for  this  sorting  and  for  subsequent  analysis 
of  the  transfectants. 

Analysis  of  integrin  surface  expression.  The  relative  surface  expression  of  the 
(34-integrin  subunit  on  the  transfected  MDA-MB-435  subclones  was  assessed  by 
flow  cytometry.  For  this  purpose,  aliquots  of  cells  (5  X  10^)  were  incubated  for 
45  min  at  room  temperature  with  RH-BSA  and  either  the  (34-specific  antibody  or 
nonspecific  mouse  IgG  (Sigma).  The  cells  were  washed  two  times  with  RH-BSA 
and  then  incubated  with  goat  anti-mouse  IgG  coupled  to  Cy2  (Jackson  Immu- 
noresearch)  for  45  min  at  room  temperature.  After  being  washed  two  times  with 
RH-BSA,  the  cells  were  resuspended  in  PBS  and  analyzed  by  flow  cytometry. 

Invasion  assay.  Matrigel  invasion  assays  were  performed  as  described  previ¬ 
ously  (63,  64)  using  6.5-mm-diameter  Transwell  chambers  (S-juim  pore  size; 
Costar).  Matrigel  purified  from  the  Englebreth-Holm-Swarm  tumor  was  diluted 
in  cold  distilled  water,  added  to  the  Transwells  (5  ixg/well),  and  dried  in  a  sterile 
hood.  The  Matrigel  was  then  reconstituted  with  medium  for  1  h  at  3TC  before 
the  addition  of  ceils.  Cells  (0.5  X  10^)  were  resuspended  in  serum-free  DMEM 
containing  0.1%  BSA,  and  cells  were  added  to  each  well.  Conditioned  NIH  3T3 
medium  was  added  to  the  bottom  wells  of  the  chambers.  After  4  h,  the  cells  that 
had  not  invaded  were  removed  from  the  upper  faces  of  the  filters  using  cotton 
swabs  and  the  cells  that  had  invaded  to  the  lower  surfaces  of  the  filters  were  fixed 
in  methanol  and  then  stained  with  a  0.2%  solution  of  crystal  violet  in  2%  ethanol. 
Invasion  was  quantitated  by  visual  counting.  The  mean  of  five  individual  fields  in 
the  center  of  the  filter,  where  invasion  was  the  highest,  was  obtained  for  each 
well. 

Adhesion  assays.  Adhesion  assays  were  performed  as  described  previously 
(63).  Briefly,  multiwell  tissue  culture  plates  (11.3  mm  in  diameter)  were  coated 
overnight  at  4°C  with  0.2  ml  of  PBS  containing  either  murine  laminin-1  (20 
jjLg/ml)  or  rat  collagen  I  (20  |ULg/ml).  The  wells  were  then  washed  with  PBS  and 
blocked  with  RH-BSA.  Cells  (10^)  were  resuspended  in  RH-BSA  and  added  to 
the  protein-coated  wells.  After  a  60-min  incubation  at  37°C,  the  wells  were 
washed  three  times  with  RH  at  37°C,  fixed  for  15  min  with  methanol,  and  stained 
with  a  0.2%  solution  of  crystal  violet  in  2%  ethanol.  The  crystal  violet  stain  was 
solubilized  with  a  1%  solution  of  SDS,  and  adhesion  was  quantitated  by  mea¬ 
suring  the  absorbance  at  595  nm. 

RESULTS 

Identification  of  IRS-1  and  IRS-2  as  intermediates  in  the 
activation  of  PI3K  by  the  a6p4  integrin.  In  previous  work,  we 
demonstrated  that  ligation  of  the  a6p4  integrin  promotes  sig¬ 
nificantly  more  PI3K  activity  than  ligation  of  the  a6pi  integrin 
or  other  pi  integrins  (64).  PI3K  is  activated  by  recruitment  of 
the  p85  regulatory  subunit  to  phosphotyrosine-containing 
binding  motifs  (pYMXM)  (10).  Neither  the  a6-  nor  the  p4- 
subunit  cytoplasmic  domain  contains  the  p85  consensus  bind¬ 
ing  motif,  which  suggests  that  additional  intermediate  proteins 
are  most  likely  involved  in  the  a6p4-dependent  activation  of 
PI3K.  To  identify  these  intermediates,  we  analyzed  the  profile 
of  phosphoproteins  that  associate  with  PI3K  after  a6p4  liga¬ 
tion.  To  do  so,  cell  extracts  from  mock-  (MDA-MB-435/mock) 
and  p4-transfected  (MDA-MB-435/p4)  MDA-MB-435  cells 
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FIG.  1.  Analysis  of  PI3K-associated  proteins.  Two  subclones  each 
(#1  and  #2)  of  the  MDA-MB-435/mock  and  the  MDA-MB-435/p4 
transfectants  were  maintained  in  suspension  or  incubated  with  either 
a6-  (A)  or  p4-specific  (B)  antibodies  and  allowed  to  adhere  to  either 
anti-rat  IgG-  or  anti-mouse  IgG-coated  plates,  respectively,  for  30  min. 
Aliquots  of  cell  extracts  that  contained  equivalent  amounts  of  protein 
were  incubated  with  a  polyclonal  antiserum  specific  for  the  p85  subunit 
of  PI3K  and  protein  A-Sepharose  for  3  h.  The  immune  complexes  were 
resolved  by  SDS-8%  PAGE  and  then  immunoblotted  with  phospho- 
tyrosine-specific  antibody  RC-20.  Mock,  MDA-MB-435  cells  trans¬ 
fected  with  the  empty  vector;  a6(34,  MDA-MB-435  cells  transfected 
with  the  full-length  (34  subunit;  S,  cells  maintained  in  suspension;  a6, 
cells  clustered  with  an  a6-specific  antibody  (135-13C);  34,  cells  clus¬ 
tered  with  a  34-specific  antibody  (UM-A9).  ip,  immunoprecipitation. 


that  had  been  clustered  with  a6-specific  antibody  135-13C 
were  immunoprecipitated  with  a  p85-specific  antiserum  and 
the  associated  proteins  were  detected  by  immunoblotting  with 
phosphotyrosine-specific  antibody  RC-20.  As  shown  in  Fig.  lA, 
ligation  of  both  a63l  and  a634  resulted  in  the  interaction  of 
PI3K  with  a  130-kDa  phosphoprotein.  However,  an  additional 
180-kDa  phosphoprotein  coimmunoprecipitated  with  PI3K  in 
both  of  the  MDA-MB-435/34  subclones  after  ligation  with 
a6-specific  antibodies.  To  confirm  that  this  180-kDa  protein 
was  specific  for  a6 34-dependent  activation  of  PI3K,  the  MDA- 
MB-435/34  transfectants  were  clustered  with  34-specific  anti¬ 
bodies,  which  will  not  ligate  a631,  and  the  p85-associated 
proteins  were  analyzed.  When  a634  was  clustered  in  the  ab¬ 
sence  of  a631  ligation,  only  the  180-kDa  protein  was  observed 
to  coimmunoprecipitate  with  PI3K  (Fig.  IB).  The  association 
of  PI3K  with  the  180-kDa  phosphoprotein  only  after  ligation  of 
the  a634  integrin  suggests  that  there  is  a  unique  mechanism 
for  PI3K  activation  by  the  a634  receptor  that  is  not  utilized  by 
the  a631  receptor. 

To  understand  further  the  mechanism  of  a634-dependent 
PI3K  activation,  we  sought  to  identify  the  180-kDa  protein  that 
was  phosphorylated  on  tyrosine  and  associated  with  PI3K  in 
response  to  a634  ligation.  Given  the  molecular  mass  of  this 
phosphoprotein,  we  first  investigated  if  this  protein  was  a 
growth  factor  receptor.  This  possibility  was  supported  by  the 
fact  that  the  a634  integrin  can  associate  with  ErbB2  (21). 
However,  the  p85-associated  180-kDa  protein  was  not  ex¬ 
pressed  on  the  cell  surface,  as  indicated  by  a  test  for  surface 
biotinylation  (data  not  shown). 
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FIG.  2.  Identification  of  IRS-1  and  lRS-2  as  a6p4-dcpcndcnt  PI.3K-associatcd  proteins.  (A)  Aliquots  of  cell  extracts  from  the  MDA-MB-435 
Iransfectants  and  T47D  breast  carcinoma  cells  containing  equivalent  amounts  of  protein  were  resolved  by  SDS-PAGE  and  immunoblotted  with 
antibodies  specific  for  IRS-1  and  IRS-2.  435,  MDA-MB-435  cells;  M,  MDA-MB-435  cells  transfected  with  the  empty  vector;  [34,  MDA-MB-435 
cells  transfected  with  the  full-length  (34  subunit.  (B)  MDA-MB-435  transfectants  were  maintained  in  suspension  or  incubated  with  either  a6-  or 
^■^pecific  antibodies  and  allowed  to  adhere  to  either  anti-rat  IgG-  or  anti-mouse  IgG-coated  plates,  re.spectively,  in  the  absence  or  presence  of 
IGF-I  (100  n^ml)  for  30  min.  Aliquots  of  cell  extracts  that  contained  equivalent  amounts  of  protein  were  incubated  with  an  IRS-2-specific 
pdyclonal  antibody  and  protein  A-Sepharosc  for  3  h.  The  immune  complexes  were  resolved  by  SDS-8%  PAGE  and  then  immunoblotted  with 
RC-20  (top).  The  immunoblot  was  subsequently  stripped  and  reprobed  with  IRS-2-  (middle)  and  p85-.specific  (bottom)  polyclonal  antisera,  ip, 
immunoprecipitation.  (C)  MDA-MB-435  transfectants  were  treated  as  described  above,  and  aliquots  of  cell  extracts  that  contained  equivalent 
amounts  of  protein  were  incubated  with  an  IRS-2-spccific  antibody  and  protein  A-Sepharosc  for  3  h.  After  being  washed,  the  beads  were 
resuspended  in  kinase  buffer  and  incubated  for  10  min  at  room  temperature.  The  phosphorylated  lipids  were  resolved  bv  thin-laver  chromatog¬ 
raphy.  Arrows,  D3  phosphoinositides.  (D)  T47D  cells  were  treated  as  described  above,  and  aliquots  of  cell  extracts  that  contained  equivalent 
were  incubated  with  a  p85-specific  antibody  and  protein  A-Sepharose  for  3  h.  The  immune  complexes  were  resolved  by 
bDS-8/c  PAGE  and  then  immunoblotted  with  RC-20  (top).  The  immunoblot  was  subsequently  stripped  and  reprobed  with  an  IRS-l-specific 
polyclonal  antibody  (bottom).  Mock,  MDA-MB-435  cells  transfected  with  the  empty  vector;  a6(34,  MDA-MB-435  cells  transfected  with  the 
full-length  P4  subunit;  S,  cells  maintained  in  suspension;  a6,  cells  clustered  with  an  a6-spccific  antibody  (135-13C);  34,  cells  clustered  with  a 
34-specific  antibody  (UM-A9). 


Next,  we  investigated  the  IRS  adapter  proteins.  The  IRS 
family  members,  which  include  IRS-1,  IRS-2,  IRS-3,  and 
IRS-4,  are  170-  to  180-kDa  proteins  (except  IRS-3,  which  is  60 
kDa)  that  function  as  intermediate  docking  proteins  down¬ 
stream  of  the  insulin  and  insulin-like  growth  factor  1  (IGF-1) 
receptors,  as  well  as  a  number  of  cytokine  receptors  (84).  In 
addition,  the  a531  integrin  can  promote  IRS-1  phosphoiyla- 


tion  in  adipocytes  (24).  Importantly,  the  IRS  proteins  contain 
several  PI3K  binding  sites,  and  these  adapters  are  known  to  be 
involved  in  the  activation  of  PI3K  downstream  of  several  of  the 
receptors  mentioned  above  (30,  33,  45,  69,  78,  86).  To  deter¬ 
mine  if  the  180-kDa  protein  that  coimmunoprecipitated  with 
PI3K  was  an  IRS  family  member,  we  first  analyzed  the  expres¬ 
sion  of  each  IRS  homolog  in  MDA-MB-435  cells.  As  shown  in 
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Fig.  2A,  MDA-MB-435  cells  express  very  low  levels  of  IRS-1 
but  express  high  levels  of  IRS-2.  IRS-3  and  IRS-4  were  not 
detected  in  these  cells  (data  not  shown).  To  investigate  the 
potential  involvement  of  IRS-2  in  the  a6p4-dependent  activa¬ 
tion  of  PI3K,  cell  extracts  from  MDA-MB-435/mock  and 
MDA-MB-435/34  cells  that  had  been  clustered  with  a6-spe- 
cific  antibodies  were  assayed  for  IRS-2  phosphorylation.  As 
shown  in  Fig.  2B,  IRS-2  was  phosphorylated  on  tyrosine  in 
response  to  clustering  with  a6-specific  antibodies  in  the  MDA- 
MB-435/p4  transfectants  but  not  in  the  MDA-MB-435/mock 
transfectants.  In  addition,  ligation  with  a  p4-specific  antibody 
also  increased  the  tyrosine  phosphorylation  of  IRS-2.  Most 
importantly,  the  p85  subunit  of  PI3K  associated  with  IRS-2 
after  ligation  of  the  a6p4  receptor  (Fig.  2B,  bottom).  As  a 
positive  control  for  IRS-2  phosphorylation,  the  MDA-MB- 
435/p4  cells  were  treated  with  IGF-1,  which  increased  the 
phosphorylation  of  IRS-2  and  its  association  with  PI3K  (Fig. 
2B).  The  MDA-MB-435/mock  and  -p4  transfectants  express 
equivalent  levels  of  IRS-2,  and  therefore  the  lack  of  IRS-2 
phosphorylation  after  ligation  of  a6pl  in  the  MDA-MB-435/ 
mock  transfectants  is  not  due  to  a  relative  difference  in  protein 
expression  levels  (Fig.  2A). 

To  confirm  that  PI3K  is  activated  through  IRS-2  in  response 
to  a6p4  ligation,  in  vitro  kinase  assays  were  performed  on 
IRS-2  immune  complexes.  MDA-MB-435/mock  and  MDA- 
MB-435/P4  transfectants  were  clustered  with  a6-  and  p4-spe- 
cific  antibodies,  and  the  cell  extracts  were  immunoprecipitated 
with  IRS-2  antibodies.  The  IRS-2  immunoprecipitates  were 
assayed  for  their  ability  to  phosphorylate  crude  brain  phos- 
phoinositides.  As  shown  in  Fig.  2C,  ligation  of  the  a6p4  inte- 
grin  with  both  a6-  and  p4-specific  antibodies  resulted  in  a 
marked  increase  in  PI3K  activity  associated  with  IRS-2,  as 
demonstrated  by  the  appearance  of  the  PtdIns-3,4,5-P3  lipid 
product.  In  contrast,  ligation  of  a6pl  in  the  MDA-MB-435/ 
mock  transfectants  resulted  in  minimal  IRS-2-associated  PI3K 
activity. 

IRS-1  and  IRS-2  have  considerable  structural  homology  and 
both  homologs  contain  multiple  binding  sites  for  PI3K  (84).  To 
determine  if  IRS-1  can  also  be  involved  in  the  activation  of 
PI3K  by  the  a6p4  integrin,  we  used  T47D  breast  carcinoma 
cells,  which  express  high  levels  of  IRS-1  and  low  levels  of  IRS-2 
(Fig.  2A).  As  shown  in  Fig.  2D  (top),  ligation  of  the  a634 
receptor  using  either  a6-  or  p4-specific  antibodies  increased 
the  association  of  PI3K  with  a  170-kDa  phosphoprotein.  An 
IRS- 1 -specific  antibody  recognized  this  phosphoprotein  (bot¬ 
tom).  Based  on  these  results  we  conclude  that  both  IRS-1  and 
IRS-2  can  function  as  intermediate  signaling  proteins  in  the 
activation  of  PI3K  by  the  a6p4  integrin.  The  130-kDa  phos¬ 
phoprotein  that  associates  with  PI3K  in  response  to  a6pl  li¬ 
gation  has  not  been  conclusively  identified. 

Adhesion  to  laminin-1  promotes  a6p4-dependent  IRS  phos¬ 
phorylation.  To  confirm  that  the  a6p4-dependent  IRS  signal¬ 
ing  pathway  that  we  identified  by  antibody  clustering  occurs  in 
response  to  ligation  of  a6p4  by  a  natural  extracellular  matrix 
ligand,  we  assessed  the  phosphorylation  of  IRS-2  after  adhe¬ 
sion  of  the  MDA-MB-435/mock  and  MDA-MB-435/p4  trans¬ 
fectants  to  a  laminin- 1  substratum.  As  shown  in  Fig.  3,  adhe¬ 
sion  of  the  MDA-MD-435/mock  transfectants  to  laminin- 1  did 
not  result  in  an  increase  in  the  tyrosine  phosphorylation  of 
IRS-2.  Given  that  a6pl  is  the  major  laminin  receptor  on  the 
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FIG.  3.  a6p4-dependent  IRS-2  phosphorylation  in  response  to 
laminin- 1  adhesion.  MDA-MB-435  transfectants  were  maintained  in 
suspension  or  allowed  to  adhere  to  laminin-l-coated  plates  for  45  min. 
Aliquots  of  cell  extracts  that  contained  equivalent  amounts  of  protein 
were  incubated  with  an  IRS-2-specific  antibody  and  protein  A-Sepha- 
rose  for  3  h.  The  immune  complexes  were  resolved  by  SDS-8%  PAGE 
and  then  immunoblotted  with  RC-20  (top).  The  immunoblot  was  sub¬ 
sequently  stripped  and  reprobed  with  IRS-2-  (middle)  and  p85-specific 
(bottom)  polyclonal  antisera.  Mock,  MDA-MB-435  cells  transfected 
with  the  empty  vector;  a6p4,  MDA-MB-435  cells  transfected  with  the 
full-length  p4  subunit;  S,  cells  maintained  in  suspension;  Lam,  cells 
adherent  to  a  laminin  substratum,  ip,  immunoprecipitation. 


surfaces  of  these  cells,  these  results  confirm  the  data  obtained 
using  antibodies  to  cluster  the  a6pl  integrin  (Fig.  2B).  In 
contrast,  adhesion  of  the  MDA-MB-435/P4  transfectants  to 
laminin-1  promoted  the  tyrosine  phosphorylation  of  IRS-2  and 
the  recruitment  of  PI3K  to  this  adapter  protein.  Therefore, 
ligation  of  the  a6p4  integrin  by  either  laminin-1  or  receptor- 
specific  antibodies  can  activate  the  IRS-PI3K  signaling  path¬ 
way. 

Analysis  of  tyrosine  phosphorylation  of  the  P4  subunit. 

Having  identified  IRS-1  and  IRS-2  as  signaling  intermediates 
in  the  pathway  utilized  by  the  a6p4  integrin  to  activate  PI3K, 
we  next  investigated  the  mechanism  by  which  this  integrin 
receptor  activates  this  pathway.  It  had  been  previously  dem¬ 
onstrated  that  the  p4  subunit  is  phosphorylated  on  tyrosine 
after  ligation  of  the  a6p4  receptor  (43).  We  confirmed  this 
finding  in  our  transfected  MDA-MB-435/p4  cells.  As  shown  in 
Fig.  4A,  a  time-dependent  increase  in  the  tyrosine  phosphor¬ 
ylation  of  the  p4  subunit  was  observed  after  ligation  of  the 
a6p4  receptor  with  a6-specific  antibodies.  Addition  of  sodium 
orthovanadate  markedly  increased  the  level  of  tyrosine  phos¬ 
phorylation,  indicating  that  tyrosine  phosphorylation  of  the  p4 
subunit  is  regulated  by  tyrosine  phosphatases  in  these  cells 
(Fig.  4A)  (43).  To  evaluate  the  role  of  (34-tyrosine  phosphor¬ 
ylation  in  the  activation  of  PI3K  by  the  a6(34  integrin,  we 
analyzed  the  p4  cytoplasmic  domain  for  tyrosine  residues  that 
were  located  within  known  consensus  binding  or  phosphoryla¬ 
tion  motifs.  We  identified  two  tyrosines  that  were  of  potential 
interest,  Y1257  and  Y1494  (Fig.  3B).  Both  of  these  tyrosines 
are  located  within  immune  T-cell  inhibitory  motifs  (ITIM)  that 
have  the  consensus  sequence  of  L/VXXpYXL/V  and  that  were 
initially  identified  in  immune  cell  inhibitory  coreceptors  (79). 
ITIM  sites  are  involved  in  regulating  B-  and  T-cell  receptor 
signaling,  and  they  have  been  characterized  as  binding  motifs 
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FIG.  4.  Characterization  of  tyrosine  mutants  of  the  p4-intcgrin 
subunit.  (A)  MDA>MB-435/p4  transfectants  were  maintained  in  sus¬ 
pension  or  incubated  with  a6-specific  antibodies  and  allowed  to  adhere 
to  anti-rat  IgG-coated  plates  in  the  absence  or  presence  of  100  pM 
sodium  orthovanadate  (van)  for  30  min.  Aliquots  of  cell  extracts  that 
contained  equivalent  amounts  of  protein  were  incubated  with  a  p4- 
specific  antibody  (UM-A9)  and  protein  G-Sepharose  for  3  h.  The 


for  the  SH2  domains  of  the  SH2-containing  tyrosine  phospha¬ 
tase  1  (SHP-1)  and  -2  protein  tyrosine  phosphatases  and  also 
for  the  SH2-containing  inositol  polyphosphate  5-phosphatase  1 
(SHIP-1)  and  -2  lipid  phosphatases  (79). 

To  investigate  the  potential  involvement  of  Y1257  and 
Y1494  in  the  a6p4-dependent  activation  of  PI3K,  Y1257  and 
Y1494  in  the  P4  subunit  were  individually  mutated  to  phenyl¬ 
alanine  residues.  In  addition,  we  also  mutated  both  YI257 
and  Y1494  to  generate  a  double-ITIM-mutant  p4  subunit 
(Y1257F/Y1494F).  The  mutant  p4  subunits  were  stably  ex¬ 
pressed  in  the  IVIDA-MB-435  cells,  which  lack  endogenous  p4 
expression,  and  subclones  expressing  the  p4  mutant  proteins 
on  the  cell  surface  were  isolated  by  FACS.  As  shown  in  the 
flow  cytometry  profiles  for  two  individual  subclones  of  each 
transfectant  in  Fig.  4C,  all  of  the  mutant  p4  subunits  were 
expressed  on  the  cell  surface.  To  confirm  that  the  mutant  p4 
subunits  associated  with  endogenous  a6  subunits,  cell  extracts 
of  the  p4  mutant-expressing  subclones  were  immunoprecipi- 
tated  with  an  a6-spccific  antibody  and  then  immunoblotted 
with  an  antiserum  that  recognizes  the  C  terminus  of  the  p4 
subunit.  As  shown  in  Fig.  4D,  all  of  the  mutant  p4  subunits 
formed  heterodimers  with  the  endogenous  a6  subunits.  More¬ 
over,  all  of  the  mutants  were  recognized  by  the  C-terminal 
antiserum,  which  indicates  that  they  are  all  expressed  as  full- 
length  proteins. 

To  determine  if  the  p4  cytoplasmic  domain  is  phosphory- 
lated  on  either  Y1257  or  Y1494  in  response  to  a6p4  ligation, 
we  a.ssaycd  the  tyrosine  phosphorylation  of  the  mutant  p4 
subunits  after  clustering  the  receptors  with  p4-specific  antibod¬ 
ies.  Mutation  of  either  YI257  or  Yi494  resulted  in  a  significant 
decrease  in  the  level  of  p4-tyrosine  phosphorylation  (2  to  1% 
of  the  wild-type  level)  after  clustering  with  p4-specific  antibod¬ 
ies  (Fig.  5).  Addition  of  sodium  orthovanadate  to  the  cells 
during  the  clustering  markedly  increased  the  tyrosine  phos¬ 
phorylation  of  the  mutant  p4  subunits.  However,  when  the 
results  were  normalized  for  total  p4  protein,  a  significant  de¬ 
crease  in  the  tyrosine  phosphorylation  of  the  mutant  proteins 
compared  to  the  level  of  phosphoiy^lation  of  the  wild-type  p4 
subunit  was  still  observed. 

Tyrosine  1494  in  the  p4  subunit  is  required  for  a6p4-de> 
pendent  activation  of  PI3K.  To  evaluate  the  impact  of  mutat¬ 
ing  Y 1257  and  Y1 494  in  the  p4-subunit  cytoplasmic  domain  on 
the  ability  of  the  a6p4  receptor  to  activate  downstream  signal¬ 
ing  pathways,  we  initially  examined  the  ability  of  these  a6p4 
mutant  receptors  to  promote  increases  in  total  cellular  tyrosine 


immune  complexes  were  resolved  by  SDS-89f  PAGE  and  then  immu- 
noblottcd  with  RC-20.  (B)  Schematic  of  the  p4-integrin  subunit  c>'to- 
plasmic  domain,  which  indicates  the  tyrosine  residues  which  were 
mutated  to  phenylalanine.  TM,  transmembrane  domain.  (C)  Sub- 
clones  of  transfected  MDA-MB-435  cells  expressing  the  p4  subunit  on 
the  cell  surface  were  isolated  by  FACS  using  a  p4-specific  antibody 
(UM-A9).  MDA-MB-435  cells  transfected  with  the  wild-type  (WT) 
and  mutant  human  p4-intcgrin  subunits  were  analyzed  by  flow  cytom¬ 
etry  using  nonspecific  mouse  IgG  (left  peak)  or  UM-A9  (right  peak). 
Shown  arc  two  representative  subcloncs  (clones  1  and  2)  from  each 
transfectant  line.  (D)  Aliquots  of  cell  extracts  from  the  MDA-MB-435 
transfectants  were  immunoprecipitated  (ip)  with  an  a6-specific  anti¬ 
body  (135-13C).  The  immune  complexes  were  resolved  by  SDS-69^ 
PAGE  and  immunoblotted  with  a  polyclonal  antiserum  that  recognizes 
the  C  terminus  of  the  p4  subunit. 
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FIG.  5.  Analysis  of  tyrosine  phosphorylation  of  the  p4  subunit. 
MDA-MB-435/p4  transfectants  were  incubated  with  |34-specific  anti¬ 
bodies  and  allowed  to  adhere  to  anti-mouse  IgG-coated  plates  for  30 
min.  Aliquots  of  cell  extracts  that  contained  equivalent  amounts  of 
protein  were  incubated  with  protein  A-Sepharose  for  2  h.  The  immune 
complexes  were  resolved  by  SDS-6%  PAGE  and  then  immunoblotted 
with  RC-20.  The  immunoblots  were  subsequently  stripped  and  re¬ 
probed  with  a  p4-specific  polyclonal  antiserum.  Shown  are  represen¬ 
tative  subclones  expressing  the  wild-type  (WT)  p4  subunit  and  each  of 
the  p4  mutant  subunits.  The  percentages  of  phosphorylation  of  the 
mutant  p4  subunits  compared  to  that  of  the  wild-type  (34  subunit  are 
indicated  below.  NaV,  sodium  orthovanadate. 
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phosphorylation  after  clustering  with  |34-specific  antibodies. 
MDA-MB-435  cells  that  expressed  the  wild-type  p4  and  each 
of  the  mutant  p4  subunits  were  clustered  with  p4-specific  an¬ 
tibodies,  and  the  cell  extracts  were  incubated  with  phosphoty- 
rosine-specific  antibody  4G10.  As  shown  in  Fig.  6A  (top),  li¬ 
gation  of  wild-type  a6p4  resulted  in  a  marked  increase  in  total 
cellular  tyrosine  phosphorylation  levels.  A  similar  increase  in 
tyrosine  phosphorylation  was  observed  in  two  individual  sub¬ 
clones  that  expressed  the  Y1257F  p4  subunit,  indicating  that 
Y1257  is  not  essential  for  a6p4-dependent  promotion  of  ty¬ 
rosine  phosphorylation  (Fig.  6A).  Although  one  of  the  Y1257F 
subclones  had  a  lower  level  of  tyrosine  phosphorylation  than 
was  observed  for  the  wild-type  p4  subclone,  this  level  of  phos¬ 
phorylation  correlated  with  the  levels  of  surface  expression  of 
the  p4  subunit  in  these  cells  (Fig.  4C).  In  contrast,  none  of  the 
MDA-MB-435  subclones  that  expressed  the  Y1494F  or  the 
double-mutant  Y1257FA^1494F  p4  subunits  showed  increases 
in  cellular  tyrosine  phosphorylation  levels  in  response  to  cx6p4 
clustering.  These  results  suggest  that  Y1494  is  essential  for 
a6p4-dependent  promotion  of  tyrosine  phosphorylation. 

To  determine  if  either  Y1257  or  Y1494  in  the  p4  cytoplasmic 
domain  is  required  for  PI3K  activation  by  the  a6p4  receptor, 
we  assessed  the  association  of  PI3K  with  the  phosphotyrosine 
immune  complexes  after  ligation  of  a6|34  in  the  subclones  that 
expressed  these  mutant  (34  subunits.  As  shown  in  Fig.  6A 
(bottom),  p85  association  with  the  phosphotyrosine  immune 
complexes  increased  after  the  clustering  of  the  wild- type  a6p4 
and  the  Y1257F  mutant  a6p4  receptors.  In  contrast,  an  in¬ 
crease  in  p85  association  with  phosphotyrosine  immune  com¬ 
plexes  in  response  to  the  clustering  of  the  Y1494F  and 
Y1257F/Y1494F  mutant  a6(34  receptors  was  not  observed.  The 
level  of  p85  subunit  association  with  the  phosphotyrosine  im¬ 
mune  complexes  correlated  well  with  the  level  of  PI3K  activity 
observed  in  in  vitro  kinase  assays  (Fig.  6B). 

Our  data  suggest  that  IRS-2  is  an  important  intermediate  in 
the  activation  of  PI3K  by  the  a6^4  integrin.  Therefore,  we 


WT-  Y1257/ 

p4  Y1257  Y1494  Y1494  jp.  p^y^ 


◄-PI-3.P 
◄-  PI-3,4-P, 


PI-3,4,5.Pj 


FIG.  6.  Analysis  of  PI3K  activity  in  the  MDA-MB-435  mutant  [34 
transfectants.  MDA-MB-435  transfectants  were  maintained  in  suspen¬ 
sion  or  incubated  with  a  p4-specific  antibody  (UM-A9)  and  allowed  to 
adhere  to  anti-mouse  IgG-coated  plates  for  30  min.  Aliquots  of  cell 
extracts  that  contained  equivalent  amounts  of  protein  were  incubated 
with  4G10  and  protein  A-Sepharose  for  3  h.  (A)  After  being  washed, 
the  immune  complexes  were  resolved  by  SDS-6%  PAGE  and  immu¬ 
noblotted  with  RC-20.  Shown  are  one  representative  subclone  express¬ 
ing  the  wild-type  (WT)  p4  subunit  and  two  representative  subclones  of 
each  of  the  mutant  34  transfectants.  (B)  After  being  washed,  the 
immune  complexes  were  resuspended  in  a  kinase  reaction  mixture  and 
incubated  for  10  min  at  room  temperature.  The  phosphorylated  lipids 
were  resolved  by  thin-layer  chromatography.  Arrows,  D3-phosphoi- 
nositides.  S,  cells  maintained  in  suspension;  34,  MDA-MB-435  cells 
clustered  with  the  34-specific  antibody,  ip,  immunoprecipitation. 
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examined  the  ability  of  the  mutant  a634  receptors  to  promote 
IRS-2  tyrosine  phosphorylation.  As  shown  in  Fig.  7A  (top), 
mutation  of  Y1494  inhibited  the  ability  of  the  a634  receptor  to 
promote  IRS-2  phosphorylation.  Tyrosine  phosphorylation  of 
IRS-2  was  also  inhibited  by  the  double  Y1257F  Y1494F  34 
mutations.  Moreover,  the  recruitment  of  p85  to  IRS-2  in  re¬ 
sponse  to  a634  ligation  was  prevented  in  the  Y 1494F-express- 
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FIG.  7.  Analysis  of  IRS-2  phosphorylation  in  the  MDA-MB-435 
mutant  (34  transfectants.  (A)  MDA-MB-435  transfcctants  were  main¬ 
tained  in  suspension  or  incubated  with  {34-spccific  antibodies  and  al¬ 
lowed  to  adhere  to  anti-mouse  IgG-coatcd  plates  for  30  min.  WT,  wild 
type;  ip,  immunoprecipitation.  (B)  MDA-MB-435  transfcctants  were 
incubated  in  the  presence  or  absence  of  IGF-1  (100  ng/ml)  for  5  min. 
Aliquots  of  cell  extracts  from  equivalent  numbers  of  cells  were  incu¬ 
bated  with  an  IRS-2-specific  antibody  and  protein  A-Sepharosc  for  3  h. 
The  immune  complexes  were  resolved  by  SDS-6%  PAGE  and  then 
immunoblotted  with  RC-20  (top).  The  immunoblols  were  subse¬ 
quently  stripped  and  reprobed  with  IRS-2-spccificd  (middle)  and  p85- 
specific  (bottom)  polyclonal  antisera. 


ing  and  YI257F  Y1494F-expressing  subcloncs  (Fig.  6A,  bot¬ 
tom).  Although  lower  levels  of  lRS-2  expression  were  observed 
in  the  Y1494F-expre.ssing  and  Y1257F-  and  Y1494F-exprcss- 
ing  subclones,  IRS-2  phosphorylation  in  response  to  tt6(34  li¬ 
gation  was  not  detected  even  after  prolonged  exposure  of  the 
immunoblot.  To  confirm  that  the  lack  of  IRS-2  phosphoryla¬ 
tion  in  the  subclones  expressing  the  mutant  (34  subunits  was 
specific  to  a6(34-dependent  signaling,  the  transfectants  were 
treated  with  IGF-1,  which  promotes  IRS-2  pho.sphorylation 
through  IGF-1  R.  As  shown  in  Fig.  7B,  IRS-2  phosphorylation 
and  PI3K  recruitment  in  the  wild-type  and  (34  mutant-express¬ 
ing  subclones  after  IGF-1  stimulation  were  equivalent.  Taken 
together,  our  results  indicate  that  Yi494  in  the  P4  subunit 
plays  a  pivotal  role  in  the  ability  of  the  a6(34  integrin  to  activate 
PI3K. 

Tyrosine  1494  in  the  p4  subunit  is  required  for  a6p4-de- 
pendent  invasion.  Expression  of  the  p4  subunit  increases  the 
invasive  potential  of  MDA-MB-435  cells,  and  we  have  hypoth¬ 
esized  that  this  ability  to  promote  invasion  involves  activation 


of  PI3K  by  the  a6p4  receptor  (64).  If  this  prediction  is  correct, 
expression  of  the  Y1494F  and  Y1257F/Y1494F  p4  mutant  sub¬ 
units  in  MDA-MB-435  cells  should  not  increase  their  invasive 
potential.  To  address  this  question,  subclones  expressing  the 
wild-type  and  mutant  p4  subunits  were  assayed  for  their  ability 
to  invade  Matrigcl  using  a  modified  Boyden  chamber  assay. 
The  MDA-MB-435  subclones  expressing  the  YI257F  mutant 
subunit  invaded  to  the  same  extent  as  the  MDA-MB-435  sub- 
clone  that  expressed  the  wild-type  P4  subunit  (Fig.  8A).  In 
contrast,  the  MDA-MB-435  subclones  that  expressed  the 
Y1494F  and  Y1257F/Y1494F  mutant  p4  subunits  did  not  in¬ 
vade.  In  fact,  invasion  was  reduced  below  the  level  observed  for 
the  MDA-MB-435/mock  transfectants,  which  suggests  that  the 
Y1494F  and  Y1257FA'1494F  mutant  p4  subunits  act  in  a  dom¬ 
inant-negative  manner  for  invasion. 

The  lack  of  invasion  in  the  mutant  p4  transfectants  could 
result  from  a  deficiency  in  adhesion.  To  examine  if  the  ob¬ 
served  decrease  in  invasion  of  the  Y1494F  and  Y1257F/ 
Y1494F  transfectants  was  related  to  a  decrease  in  cell  adhe¬ 
sion,  the  ability  of  these  cells  to  adhere  to  a  iaminin-1  or 
collagen  I  substrate  was  assessed.  As  shown  in  Fig.  8B,  the 
Y1494F  and  Y1257F/Y1494F  transfectants  demonstrated  a 
1.5-  to  2-fold  higher  level  of  adhesion  to  both  substrates  than 
the  mock,  wild-type  p4,  and  Y1257  transfectants.  The  in¬ 
creased  adhesion  was  not  due  to  higher  levels  of  receptor 
expression  in  the  Y1494F  and  Y 1 257FA'1494F  transfectants 
(data  not  shown).  Interestingly,  the  haptotactic  migration  of 
the  Y1494F  and  Y1257F/Y1494F  transfectants  was  signifi¬ 
cantly  diminished  on  both  Iaminin-1  and  collagen  I  substrata 
(data  not  shown).  The  increased  adhesive  strength  of  the  mu¬ 
tant  p4  transfectants  may  inhibit  their  motility,  which  would 
impede  the  ability  of  these  cells  to  invade  (37).  These  results 
suggest  that  the  Y1494  of  the  p4  subunit  is  important  for 
regulating  dynamic  adhesion  and  that,  in  the  absence  of  the 
IRS-2-PI3K  signaling  pathway  activated  through  this  tyTOsine 
residue,  other  signals  from  the  a6p4  receptor  may  promote 
stable  adhesion. 


DISCUSSION 

Our  results  establish  that  the  a6p4  integrin  activates  PI3K 
through  the  signaling  adapters  IRS-1  and  IRS-2.  This  is  a 
unique  mechanism  for  a6p4  because  the  IRS  proteins  are  not 
involved  in  PI3K  activation  downstream  of  the  a6pi  receptor. 
We  have  also  identified  a  .specific  tyrosine  residue  in  the  p4 
cytoplasmic  domain,  YI494,  which  is  essential  for  the  activa¬ 
tion  of  PI3K  and  for  the  ability  of  the  a6p4  integrin  to  promote 
carcinoma  invasion.  Taken  together,  our  findings  highlight  a 
novel  mechanism  for  a6p4-dependent  signaling  and  for  the 
ability  of  this  integrin  to  promote  carcinoma  invasion. 

Invasion  is  thought  to  be  the  essential  first  step  for  tumor 
cells  in  the  metastatic  cascade  (14).  The  correlation  between 
metastasis  and  patient  mortality  provides  a  strong  impetus  to 
elucidate  the  mechanisms  involved  in  this  transition.  One  ap¬ 
proach  to  understanding  how  carcinoma  cells  acquire  a  motile, 
invasive  phenotype  is  to  dissect  the  cellular  alterations  that 
occur  to  drive  this  complex  process.  In  this  regard,  previous 
work,  including  our  own,  has  established  that  the  a6p4  integrin 
can  promote  carcinoma  invasion  (12,  21,  64,  67).  We  deter¬ 
mined  that  activation  of  PI3K  was  not  only  essential  but  also 
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FIG.  8.  Analysis  of  invasion  and  adhesion  by  the  MDA-MB-435 
mutant  p4  transfectants.  (A)  MDA-MB-435  transfectants  were  as¬ 
sayed  for  their  ability  to  invade  Matrigel.  Matrigel  was  diluted  in  cold 
distilled  water,  added  to  the  upper  well  of  Transwell  chambers,  and 
dried  in  a  sterile  hood.  The  Matrigel  was  reconstituted  with  medium, 
and  the  transfectants  (5  X  10"^)  were  added  to  each  well.  Conditioned 
NIH  3T3  medium  was  added  to  the  bottom  wells  of  the  chambers. 
After  4  h  at  37°C,  the  cells  that  had  not  invaded  were  removed  and  the 
cells  that  had  invaded  to  the  lower  surface  of  the  filters  were  fixed, 
stained,  and  quantitated  as  described  in  Materials  and  Methods.  The 
data  shown  are  from  one  (mock  and  wild-type  [WT]  (34)  or  two  (p4 
mutants)  individual  subclones  of  each  transfectant  and  are  the  mean 
values  (±  standard  deviations  [SD])  of  a  representative  experiment 
done  in  triplicate.  M,  MDA-MB-435  cells  transfected  with  vector 
alone;  WT  [34,  MDA-MB-435  cells  transfected  with  the  wild-type  p4 
subunit.  (B)  MDA-MB-435  transfectants  were  assayed  for  their  ability 
to  adhere  to  laminin-1  and  collagen  I  substrata.  Forty-eight-well  plates 
were  coated  overnight  with  20  juig  of  laminin-1  or  collagen  I/ml  (200 
|jLl/well).  The  transfectants  (10^)  were  added  to  each  well,  and  the 
plates  were  incubated  for  1  h  at  37°C.  After  being  washed,  the  cells 
were  fixed,  stained,  and  quantitated  as  described  in  Materials  and 
Methods.  The  data  shown  are  the  mean  values  (±  SD)  from  a  repre¬ 
sentative  experiment  done  in  triplicate. 


sufficient  to  increase  the  invasive  potential  of  carcinoma  cells, 
which  emphasized  the  importance  of  investigating  further  the 
mechanism  of  a6(34  activation  of  this  signaling  pathway  (64). 
We  have  now  added  to  our  understanding  of  this  “invasion 
pathway”  by  establishing  that  IRS  proteins  IRS-1  and  IRS-2 
are  upstream  mediators  in  the  activation  of  PI3K  by  the  a6(34 
integrin.  This  is  the  first  report  of  an  involvement  of  the  IRS 
family  in  tumor  invasion,  and  it  establishes  a  new  area  of 
research  for  these  proteins,  which  have  been  studied  primarily 
for  their  role  in  metabolic  regulation  (84). 

The  role  of  the  IRS  proteins  in  a6p4-dependent  promotion 
of  tumor  progression  adds  to  other  studies  that  have  demon¬ 
strated  an  involvement  of  the  IRS  family  in  cancer.  IRS-1  and 
IRS-2  are  essential  downstream  effectors  of  IGF-IR,  which  is 
frequently  overexpressed  in  tumors  and  which  is  a  prognostic 
indicator  of  tumor  recurrence  and  reduced  patient  survival  (39, 
77).  Although  only  a  limited  number  of  studies  have  been 
performed  to  address  directly  the  contribution  of  IRS  function 
to  cancer,  the  data  to  date  support  an  important  role  for  these 
proteins  in  tumor  biology.  For  example,  in  breast  cancer,  an 
essential  role  for  IRS-1  in  IGF- 1 -dependent  breast  carcinoma 
cell  survival  and  an  involvement  in  IGF- 1 -dependent  breast 
carcinoma  cell  growth  have  been  observed  (50).  IRS-1  expres¬ 
sion  is  regulated  by  estrogen,  and  the  levels  of  IRS-1  are 
decreased  in  response  to  antiestrogens  such  as  tamoxifen  and 
ICI  182,780  (25,  60).  This  regulation  of  IRS-1  expression  has 
been  hypothesized  to  be  a  mechanism  by  which  these  anties¬ 
trogens  inhibit  breast  carcinoma  growth.  Finally,  high  levels  of 
IRS-1  expression  in  primary  human  breast  cancers  predict  a 
greater  incidence  of  recurrence  and  a  decreased  patient  sur¬ 
vival  rate  (58).  Increased  IRS-1  expression  levels  have  also 
been  observed  in  early  stages  of  hepatocellular  carcinoma,  and 
a  dominant-negative  IRS-1  protein  can  reverse  the  malignant 
phenotype  of  transformed  hepatocellular  carcinoma  cell  lines 
(49,  73).  Finally,  IRS-1  and  IRS-2  are  both  overexpressed  in 
pancreatic  cancer  (36).  It  is  intriguing  to  speculate  that  the 
correlations  of  IRS  expression  with  tumor  progression  are  re¬ 
lated  at  least  in  part  to  the  functions  of  the  IRS  proteins 
downstream  of  the  a6(34  integrin. 

The  identification  of  IRS-1  and  IRS-2  as  signaling  interme¬ 
diates  for  the  a6p4  integrin  is  significant  because  these  pro¬ 
teins  have  the  potential  to  regulate  multiple  signaling  pathways 
downstream  of  this  integrin  receptor.  IRS-1  and  IRS-2  are 
cytoplasmic  adapter  proteins  that  do  not  contain  intrinsic  ki¬ 
nase  activity  but  rather  function  by  recruiting  proteins  to  sur¬ 
face  receptors,  where  they  organize  signaling  complexes  (84). 
These  proteins  belong  to  the  IRS  family,  which  includes  IRS-1, 
IRS-2,  IRS-3,  and  IRS-4.  IRS-1  and  IRS-2  are  expressed  ubiq¬ 
uitously,  whereas  the  IRS-3  and  IRS-4  homologs  are  more 
restricted  in  their  localization  (84).  All  of  the  IRS  family  mem¬ 
bers  have  homology  and  contain  multiple  binding  motifs  that 
are  essential  for  their  interaction  with  downstream  effectors, 
which  can  include  PI3K,  Grb-2,  SHP-2,  Nek,  Fyn,  phospho¬ 
lipase  C-y,  and  Crk  (4,  40,  46,  47,  66,  68,  69).  With  their  ability 
to  recruit  such  a  variety  of  signaling  molecules,  the  IRS  pro¬ 
teins,  not  surprisingly,  have  been  implicated  in  numerous  cel¬ 
lular  functions  including  mitogenesis,  cell  survival,  gene  tran¬ 
scription,  and  glucose  transport  (84).  With  regard  to  the 
involvement  of  the  IRS  proteins  in  a6|34-dependent  signaling, 
we  have  identified  PI3K  as  one  downstream  effector  that  is 
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recruited  to  these  adapter  proteins  in  response  to  receptor 
ligation.  The  IRS-dependent  activation  of  PI3K  is  important 
for  the  ability  of  a6p4  to  promote  invasion,  an  essential  func¬ 
tion  of  metastatic  cells.  Moreover,  given  the  potential  of  the 
IRS  proteins  to  interact  with  many  other  signaling  effectors, 
other  a6p4-dependent  signals  may  also  be  regulated  through 
these  adapter  proteins.  For  example,  although  we  have  ob¬ 
served  MAPK  activation  in  response  to  a6p4  ligation  in  the 
MDA-MB-435/|B4  transfectants,  we  have  not  observed  She 
phosphorylation,  a  proposed  mechanism  for  MAPK  activation 
(16,  43).  An  alternative  mechanism  for  MAPK  activation 
downstream  of  the  a6(34  integrin  could  be  IRS  recruitment  of 
Grb2.  In  support  of  this,  we  have  not  observed  MAPK  activa¬ 
tion  in  the  Y1494  mutant  transfectants  (data  not  shown). 

Our  demonstration  that  the  a6p4  integrin  is  capable  of  stim¬ 
ulating  the  phosphorylation  of  both  IRS-1  and  IRS-2  raises  the 
question  of  whether  these  homologs  sei-vc  identical  or  distinct 
functions  downstream  of  this  integrin  receptor.  Although 
IRS-1  and  IRS-2  share  overall  structural  features  and  have 
some  common  effector  binding  sites,  they  also  have  unique 
phosphoiy^Iation  sites  (84).  Furthermore,  there  are  a  number 
of  reports  that  suggest  that  these  homologs  have  different 
functions.  For  example,  overexpression  of  IRS-1,  but  not 
IRS-2,  in  IRS-1  null  fibroblasts  restores  IGF-1  stimulated  cell 
cycle  progression  to  the  level  observed  in  normal  fibroblasts 
(8).  In  addition,  IGF-1  stimulation  of  fetal  brown  adipocytes 
results  in  the  association  of  Grb-2  with  IRS-1  but  not  with 
IRS-2  (80).  Differences  in  intracellular  localization  have  also 
been  demonstrated  for  IRS-1  and  IRS-2,  and  this  may  explain 
some  of  the  functional  distinctions  between  these  two  ho¬ 
mologs  (28).  The  most  striking  evidence  for  functional  differ¬ 
ences  in  IRS-1  and  IRS-2  comes  from  the  phenotype  of  the 
IRS-1  and  IRS-2  knockout  mice.  IRS-1  null  mice  arc  stunted  in 
their  growth,  but  they  do  not  develop  diabetes  (1).  In  contrast, 
IRS-2  null  mice  develop  insulin  resistance  in  the  liver  and 
skeletal  muscle  and  progressively  lose  their  ability  to  regulate 
glucose  homeostasis  (85).  The  question  of  distinct  IRS  ho¬ 
molog  function  in  carcinoma  cells  is  relevant  because  differ¬ 
ences  in  the  expression  and  activity  of  IRS- 1  and  IRS-2  in 
tumor  cells  have  been  reported.  For  example,  IRS-1  and  IRS-2 
are  predominantly  expressed  in  estrogen  receptor  positive 
(ER  ^  )  and  ER  breast  carcinoma  cells,  respectively  (29).  If 
IRS-1  and  IRS-2  activate  distinct  downstream  pathways,  the 
function  of  the  a6p4  receptor  would  depend  on  which  IRS 
homolog  was  activated  in  response  to  receptor  ligation.  There¬ 
fore,  although  the  a6p4  integrin  can  promote  the  phosphory¬ 
lation  of  both  IRS-1  and  IRS-2,  it  is  intriguing  to  speculate  that 
a6p4-dependent  signaling  in  carcinoma  cells  could  be  influ¬ 
enced  by  factors  that  differentially  regulate  the  expression  of 
the  IRS  proteins. 

One  issue  that  arises  from  our  identification  of  IRS-1  and 
IRS-2  as  downstream  effectors  of  the  a6p4  receptor  is  how  the 
phosphorylation  of  these  adapters  is  regulated  by  this  integrin 
receptor.  The  IRS  proteins  were  first  discovered  as  signaling 
intermediates  of  the  insulin  receptor  (IR),  and  they  bind  to  a 
consensus  sequence  in  the  IR,  where  they  arc  phosphorylatcd 
directly  by  the  intrinsic  receptor  kinase  domain  (84).  Although 
the  IRS  consensus  binding  site  is  also  present  in  the  IGF-IR 
and  interleukin-4  (IL-4)  receptor,  not  all  receptors  that  pro¬ 
mote  IRS  phosphorylation  contain  this  binding  motif,  includ¬ 


ing  the  a6p4  integrin  (15,  26,  32).  In  addition,  none  of  these 
receptors  possess  intrinsic  kinase  domains.  Therefore,  alterna¬ 
tive  mechanisms  for  the  recruitment  and  phosphorylation  of 
the  IRS  proteins  arc  necessary.  Several  models  for  a6p4-de- 
pendent  activation  of  the  IRS  proteins  could  be  proposed 
based  on  the  mechanisms  utilized  by  other  members  of  this 
group  of  receptors  that  lack  the  IRS  binding  motif.  One  po¬ 
tential  model  involves  the  JAK  family  of  tyrosine  kinases, 
which  includes  JAKl,  JAK2,  JAK3,  and  Tyk2  (42).  Several 
receptors,  including  those  for  alpha  interferon,  prolactin, 
growth  hormone,  and  cytokines  IL-2,  -4,  -7,  and  -15,  associate 
with  members  of  the  JAK  family,  and  these  kinases  recruit  and 
phosphorylate  the  IRS  proteins  upon  receptor  stimulation  (30, 
53,  86).  A  second  model  involves  the  phosphorylation  of  the 
IRS  proteins  by  members  of  the  sre-kinase  family  (17).  How¬ 
ever,  it  is  not  clear  how  the  IRS  proteins  are  recruited  to 
receptor  complexes  for  this  sre-dependent  phosphorylation  to 
occur.  Focal  adhesion  kinase  (FAK)  has  also  been  shown  to 
associate  with  and  promote  phosphorylation  of  IRS-1  (38). 
However,  the  FAK-dependent  phosphorylation  may  be  indi¬ 
rect  due  to  recruitment  of  sre  to  the  protein  complexes.  Finally, 
the  possibility  that  the  a6p4  receptor  interacts  with  the  IRS 
proteins  through  an  association  with  other  surface  receptors  is 
also  valid.  For  example,  the  avp3  integrin  can  recruit  IRS-1 
indirectly  to  receptor  complexes  through  an  interaction  with 
the  insulin  receptor  (61 , 83).  The  elucidation  of  the  mechanism 
involved  in  the  a6p4-dependent  pho.sphorylation  of  the  IRS 
proteins  will  provide  additional  targets  for  the  disruption  of 
tumor  invasion. 

We  have  identified  a  single  amino  acid  in  the  p4  cytoplasmic 
domain,  Y1494,  which  is  involved  in  promoting  the  a6p4-IRS- 
PI3K  invasion  pathway.  Mutation  of  this  tyrosine  residue  in¬ 
hibited  not  only  a6p4-dependent  activation  of  PI3K  but  also 
the  ability  of  this  receptor  to  promote  carcinoma  invasion.  The 
fact  that  mutation  of  Y1494  had  such  a  dramatic  impact  on 
a6p4-dcpendcnt  signaling  emphasizes  the  likelihood  that  this 
residue  is  an  essential  binding  .site  for  downstream  effectors  of 
the  a6p4  receptor.  We  specifically  selected  Y1257  and  Y1494 
for  mutation  based  on  the  location  of  these  tyrosines  within 
ITIM  consensus  binding  motifs  (79).  The  presence  of  both  of 
these  tyrosines  within  ITIM  motifs  might  suggest  that  these 
residues  have  similar  functions.  However,  it  is  clear  that  mu¬ 
tation  of  Y 1257  in  the  p4  subunit  does  not  disrupt  the  signaling 
functions  of  the  a6p4  integrin,  as  was  obser\^ed  when  Y1494 
was  mutated,  even  though  both  of  these  tyrosines  appear  to  be 
phosphorylatcd  in  response  to  a6p4  ligation.  These  findings 
indicate  that  the  two  ITIM  motifs  in  the  p4  subunit  do  not 
function  equally  and  that  the  specific  sequences  surrounding 
Y1257  and  Y1494  must  be  important  for  regulating  a6p4- 
dependent  signals.  ITIM  motifs  are  known  to  be  potential 
binding  sites  for  the  SH2  domains  of  tyrosine  phosphatases 
SHP-1  and  SHP-2  and  lipid  phosphatases  SHIP-1  and  SHIP-2 
(79).  SHP-I  and  -2  phosphatases  regulate  tyrosine  kinase  sig¬ 
naling  pathways,  whereas  the  SHIP-1  and  -2  phosphatases  reg¬ 
ulate  the  PI3K  signaling  pathway  (reviewed  in  references  59 
and  65).  Disruption  of  either  pathway  could  produce  the  phe¬ 
notype  we  observed  with  the  mutant  receptors.  For  example, 
the  phosphorylation  of  the  p4  subunit  is  tightly  regulated  by 
tyrosine  phosphatases,  and  this  supports  the  potential  involve¬ 
ment  of  SHP-2  (Fig.  5).  The  fact  that  IRS-2  is  not  phosphor- 
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ylated  in  response  to  ligation  of  the  Y1494  mutant  receptor 
indicates  that  this  tyrosine  could  be  involved  in  the  recruitment 
of  IRS-2  to  the  receptor.  However,  it  is  also  possible  that 
Y1494  is  essential  for  recruiting  the  kinase  that  regulates  the 
phosphorylation  of  IRS-2  or  other  essential  binding  sites  in  the 
P4  subunit. 

In  summary,  we  have  identified  a  novel  mechanism  for  the 
activation  of  PI3K  by  the  a6p4  integrin  that  involves  IRS-1  and 
IRS-2  and  requires  Y1494  in  the  p4  cytoplasmic  domain.  Ac¬ 
tivation  of  this  a6p4-IRS-PI3K  signaling  pathway  promotes 
carcinoma  invasion. 

ACKNOWLEDGMENTS 

I  thank  Yumiko  Honzako  for  excellent  technical  assistance. 

This  work  was  supported  by  NIH  grant  CAS 1325  and  U.S.  Army 
grant  DAMD17-97-l~7313. 

REFERENCES 

1.  Araki,  E.,  M.  A.  Lipes,  M.  E.  Patti,  J.  C.  Bruning,  B.  Haag  III,  R.  S.  Johnson, 
and  C.  R.  Kahn.  1994.  Alternative  pathway  of  insulin  signalling  in  mice  with 
targeted  disruption  of  the  IRS-1  gene.  Nature  372:186-190. 

2.  Bachelder,  R.  E.,  A.  Marchetti,  R,  Falcioni,  S.  Soddu,  and  A.  M.  Mercurio. 
1999.  Activation  of  p53  function  in  carcinoma  cells  by  the  alpha6beta4 
integrin.  J.  Biol.  Chem.  274:20733-20737. 

3.  Bachelder,  R.  E.,  M.  J.  Ribick,  A.  Marchetti,  R.  Falcioni,  S.  Soddu,  K.  R. 
Davis,  and  A.  M.  Mercurio.  1999.  p53  inhibits  alpha  6  beta  4  integrin  survival 
signaling  by  promoting  the  caspase  3-dependent  cleavage  of  AKT/PKB.  J. 
Cell  Biol.  147:1063-1072. 

4.  Beitner-Johnson,  D.,  V.  A.  Blakesley,  Z.  Shen-Orr,  M.  Jimenez,  B.  Stannard, 
L.  M.  Wang,  J.  Pierce,  and  D.  LeRoith.  1996.  The  proto-oncogene  product 
c-Crk  associates  with  insulin  receptor  substrate-1  and  4PS.  Modulation  by 
insulin  growth  factor-I  (IGF)  and  enhanced  IGF-I  signaling.  J.  Biol.  Chem. 
271:9287-9290. 

5.  Birchmeier,  W,  1995.  E-cadherin  as  a  tumor  (invasion)  suppressor  gene. 
Bioessays  17:97-99. 

6.  Bonaccorsi,  L.,  V,  Carloni,  M.  Muratori,  A.  Salvadori,  A.  Giannini,  M. 
Carini,  M.  Serio,  G.  Forti,  and  E.  Baldi.  2000.  Androgen  receptor  expression 
in  prostate  carcinoma  cells  suppresses  alpha6beta4  integrin-mediated  inva¬ 
sive  phenotype.  Endocrinology  141:3172-3182. 

7.  Borradori,  L.,  and  A.  Sonnenberg.  1999.  Structure  and  function  of  hemides- 
mosomes:  more  than  simple  adhesion  complexes.  J.  Investig.  Dermatol. 
112:411-418. 

8.  Bruning,  J.  C.,  J.  Winnay,  B.  Cheatham,  and  C.  R.  Kahn.  1997.  Differential 
signaling  by  insulin  receptor  substrate  1  (IRS-1)  and  IRS-2  in  IRS-Tdeficient 
cells.  Mol.  Cell.  Biol.  17:1513-1521. 

9.  Cantley,  L.  C.,  and  B.  G.  Neel.  1999.  New  insights  into  tumor  suppression: 
PTEN  suppresses  tumor  formation  by  restraining  the  phosphoinositide  3-ki- 
nase/AKT  pathway.  Proc.  Natl.  Acad.  Sci.  USA  96:4240^245. 

10.  Cantley,  L.  C.,  and  Z.  Songyang.  1994.  Specificity  in  recognition  of  phos- 
phopeptides  by  src-homology  2  domains.  J.  Cell  Sci.  Supplement  18:121-126. 

11.  Chang,  H.  W.,  M.  Aoki,  D.  Fruman,  K.  R.  Auger,  A.  Bellacosa,  P.  N.  Tsichlis, 
L.  C,  Cantley,  T.  M.  Roberts,  and  P.  K.  Vogt.  1997.  Transformation  of 
chicken  cells  by  the  gene  encoding  the  catalytic  subunit  of  PI  3-kinase. 
Science  276:1848-1850. 

12.  Chao,  C.,  M.  M.  Lotz,  A.  C.  Clarke,  and  A.  M.  Mercurio.  1996.  A  function  for 
the  integrin  alpha6beta4  in  the  invasive  properties  of  colorectal  carcinoma 
cells.  Cancer  Res.  56:4811-4819. 

13.  Clarke,  A.  S.,  M.  M.  Lotz,  and  A.  M.  Mercurio.  1994.  A  novel  structural 
variant  of  the  human  beta  4  integrin  cDNA.  Cell  Adhesion  Commun.  2:1-6. 

14.  Cotran,  R.  S.,  V.  Kumar,  and  T.  Collins.  1998.  Robbins  pathologic  basis  of 
disease,  6th  ed.  The  W.  B.  Saunders  Co.,  Philadelphia,  Pa. 

15.  Craparo,  A.,  T.  J.  O’Neill,  and  T.  A.  Gustafson.  1995.  Non-SH2  domains 
within  insulin  receptor  substrate-1  and  SHC  mediate  their  phosphotyrosine- 
dependent  interaction  with  the  NPEY  motif  of  the  insulin-like  growth  factor 
I  receptor.  J.  Biol.  Chem.  270:15639-15643. 

16.  Dans,  M.,  L.  Gagnoux-Palacios,  P.  Blaikie,  S.  Klein,  A.  Mariotti,  and  F.  G. 
Giancotti.  2001.  Tyrosine  phosphorylation  of  the  beta  4  integrin  cytoplasmic 
domain  mediates  She  signaling  to  extracellular  signal -regulated  kinase  and 
antagonizes  formation  of  hemidesmosomes.  J.  Biol.  Chem.  276:1494-1502. 

17.  Daulhac,  L.,  A.  Kowalski-Chauvel,  L.  Pradayrol,  N.  Vaysse,  and  C.  Seva. 
1999.  Sre-family  tyrosine  kinases  in  activation  of  ERK-1  and  p85/pll0- 
phosphatidylinositol  3-kinase  by  G/CCKB  receptors.  J.  Biol.  Chem.  274: 
20657-20663. 

18.  Di  Cristofano,  A.,  and  P.  P.  Pandolfi.  2000.  The  multiple  roles  of  PTEN  in 
tumor  suppression.  Cell  100:387-390. 

19.  Dowling,  J.,  Q.  C.  Yu,  and  E.  Fuchs.  1996.  Beta-4  integrin  is  required  for 


hemidesmosome  formation,  cell  adhesion  and  cell  survival.  J.  Cell  Biol. 
134:559-572. 

20.  Dudek,  H.,  S.  R.  Datta,  T.  F.  Franke,  M.  J.  Birnbaum,  R.  Yao,  G.  M.  Cooper, 
R.  A.  Segal,  D.  R.  Kaplan,  and  M.  E.  Greenberg.  1997.  Regulation  of 
neuronal  survival  by  the  serine-threonine  protein  kinase  Akt.  Science  275: 
661-665. 

21.  Falcioni,  R.,  A.  Antonini,  P.  Nistico,  S.  Di  Stefano,  M.  Crescenzi,  P.  G. 
Natali,  and  A.  Sacchi.  1997.  Alpha  6  beta  4  and  alpha  6  beta  1  integrins 
associate  with  ErbB-2  in  human  carcinoma  cell  lines.  Exp.  Cell  Res.  236:76- 
85. 

22.  Falcioni,  R.,  A.  Sacchi,  J.  Resau,  and  S.  J.  Kennel.  1988.  Monoclonal  anti¬ 
body  to  human  carcinoma-associated  protein  complex:  quantitation  in  nor¬ 
mal  and  tumor  tissue.  Cancer  Res.  48:816-821. 

23.  Falcioni,  R.,  V.  Turchi,  P.  Vittulo,  G.  Navarra,  F.  Ficari,  F.  Cavaliere,  A. 
Sacchi,  and  R.  Mariani-Costantini.  1994.  Integrin  beta  4  expression  in  colo¬ 
rectal  cancer.  Int.  J.  Oncol.  5:573-578. 

24.  Guilherme,  A.,  and  M.  P.  Czech.  1998.  Stimulation  of  IRS-l-associated 
phosphatidylinositol  3-kinase  and  Akt/protein  kinase  B  but  not  glucose 
transport  by  beta  1 -integrin  signaling  in  rat  adipoc)4;es.  J.  Biol.  Chem.  273: 
33119-33122. 

25.  Guvakova,  M.  A.,  and  E.  Surmaez.  1997.  Tamoxifen  interferes  with  the 
insulin-like  growth  factor  I  receptor  (IGF-IR)  signaling  pathway  in  breast 
cancer  cells.  Cancer  Res.  57:2606-2610. 

26.  He,  W.,  A.  Craparo,  Y.  Zhu,  T.  J.  O’Neill,  L.  M.  Wang,  J.  H.  Pierce,  and  T.  A. 
Gustafson.  1996.  Interaction  of  insulin  receptor  substrate-2  (IRS-2)  with  the 
insulin  and  insulin-like  growth  factor  I  receptors.  Evidence  for  two  distinct 
phosphotyrosine-dependent  interaction  domains  within  IRS-2.  J.  Biol. 
Chem.  271:11641-11645. 

27.  Hogervorst,  F.,  I.  Kuikman,  A.  E.  von  dem  Borne,  and  A.  Sonnenberg.  1990. 
Cloning  and  sequence  analysis  of  beta-4  cDNA:  an  integrin  subunit  that 
contains  a  unique  118  kd  cytoplasmic  domain.  EMBO  J.  9:765-770. 

28.  Inoue,  G.,  B.  Cheatham,  R.  Emkey,  and  C.  R.  Kahn.  1998.  Dynamics  of 
insulin  signaling  in  3T3-L1  adipocytes.  Differential  compartmentalization 
and  trafficking  of  insulin  receptor  substrate  (IRS)-l  and  IRS-2.  J.  Biol. 
Chem.  273:11548-11555. 

29.  Jackson,  J.  G.,  M.  F.  White,  and  D.  Yee.  1998.  Insulin  receptor  substrate-1  is 
the  predominant  signaling  molecule  activated  by  insulin-like  growth  factor-I, 
insulin,  and  interIeukin-4  in  estrogen  receptor-positive  human  breast  cancer 
cells.  J.  Biol.  Chem.  273:9994-10003. 

30.  Johnston,  J.  A.,  L.  M.  Wang,  E.  P.  Hanson,  X.  J.  Sun,  M.  F.  White,  S.  A. 
Oakes,  J.  H.  Pierce,  and  J.  J.  O’Shea.  1995.  Interleukins  2,  4,  7,  and  15 
stimulate  tyrosine  phosphorylation  of  insulin  receptor  substrates  1  and  2  in 
T  cells.  Potential  role  of  JAK  kinases.  J.  Biol.  Chem.  270:28527-28530, 

31.  Juliano,  R.  L.,  and  J.  A.  Varner.  1993.  Adhesion  molecules  in  cancer:  the  role 
of  integrins.  Curr.  Opin.  Cell  Biol.  5:812-818. 

32.  Keegan,  A.  D.,  K.  Nelms,  M.  White,  L.  M.  Wang,  J.  H.  Pierce,  and  W.  E. 
Paul.  1994.  An  IL-4  receptor  region  containing  an  insulin  receptor  motif  is 
important  for  IL-4-mediated  IRS-1  phosphorylation  and  cell  growth.  Cell 
76:811-820. 

33.  Kellerer,  M.,  M.  Koch,  E.  Metzinger,  J.  Mushack,  E.  Capp,  and  H.  U. 
Haring.  1997.  Leptin  activates  PI-3  kinase  in  C2C12  myotubes  via  janus 
kinase-2  (JAK-2)  and  insulin  receptor  substrate-2  (IRS-2)  dependent  path¬ 
ways.  Diabetologia  40:1358-1362. 

34.  Kennedy,  S.  G.,  A.  J.  Wagner,  S.  D.  Conzen,  J.  Jordan,  A.  Bellacosa,  P.  N. 
Tsichlis,  and  N.  Hay.  1997.  The  PI  3-kinase/Akt  signaling  pathway  delivers 
an  anti-apoptotic  signal.  Genes  Dev.  11:701-713. 

35.  Khwaja,  A.,  P.  Rodriguez-Viciana,  S.  Wennstrom,  P.  H.  Warne,  and  J. 
Downward.  1997.  Matrix  adhesion  and  Ras  transformation  both  activate  a 
phosphoinositide  3-OH  kinase  and  protein  kinase  B/Akt  cellular  survival 
pathway.  EMBO  J.  16:2783-2793. 

36.  Kornmann,  M.,  H.  Maruyama,  U.  Bergmann,  P,  Tangvoranuntakul,  H.  G. 
Beger,  M.  F.  White,  and  M.  Korc.  1998.  Enhanced  expression  of  the  insulin 
receptor  substrate-2  docking  protein  in  human  pancreatic  cancer.  Cancer 
Res.  58:4250-4254. 

37.  Lauffenburger,  D.  A.,  and  A.  F.  Horwitz.  1996.  Cell  migration:  a  physically 
integrated  molecular  process.  Cell  84:359-369. 

38.  Lebrun,  P,,  I.  Mothe-Satney,  L.  Delahaye,  E.  van  Obberghen,  and  V.  Baron. 
1998.  Insulin  receptor  substrate-1  as  a  signaling  molecule  for  focal  adhesion 
kinase  ppl25(FAK)  and  pp60(src).  J.  Biol.  Chem.  273:32244-32253. 

39.  Lee,  A.  V.,  J.  G.  Jackson,  J.  L.  Gooch,  S.  G.  Hilsenbeck,  E.  Coronado- 
Heinsohn,  C.  K.  Osborne,  and  D.  Yee.  1999.  Enhancement  of  insulin-like 
growth  factor  signaling  in  human  breast  cancer:  estrogen  regulation  of  in¬ 
sulin  receptor  substrate-1  expression  in  vitro  and  in  vivo.  Mol.  Endocrinol. 
13:787-796. 

40.  Lee,  C.  H.,  W.  Li,  R.  Nishimura,  M.  Zhou,  A.  G.  Batzer,  M.  G.  Myers,  Jr., 
M,  F.  White,  J.  Schlessinger,  and  E.  Y.  Skolnik.  1993.  Nek  associates  with  the 
SH2  domain-docking  protein  IRS-1  in  insulin-stimulated  cells.  Proc.  Natl. 
Acad.  Sci.  USA  90:11713-11717. 

41.  Lee,  E.  C.,  M.  M.  Lotz,  G.  D.  Steele,  Jr.,  and  A.  M.  Mercurio.  1992.  The 
integrin  alpha  6  beta  4  is  a  laminin  receptor.  J.  Cell  Biol.  117:671-678. 

42.  Liu,  K.  D.,  S.  L.  Gaffen,  and  M.  A.  Goldsmith.  1998.  JAK/STAT  signaling  by 
cytokine  receptors.  Curr.  Opin.  Immunol.  10:271-278. 


VoL.  21,  2001 


IRS  FUNCTION  IN  PI3K  ACTIVATION  BY  THE  a6p4  INTEGRIN  5093 


43.  Mainiero,  F.,  A.  Pepe,  K.  K.  Wan,  L.  Spinardi,  M.  Mohammadi,  J.  Schless- 
inger,  and  F.  G.  Giancotti.  1995.  Signal  transduction  by  the  alpha  6  beta  4 
integrin:  distinct  beta  4  subunit  sites  mediate  recruitment  of  Shc/Grb2  and 
association  with  the  c>’to.skclelon  of  hemidesmosomes.  EMBO  J.  14:4470- 
4481. 

44.  Murgia,  C.,  P.  Blaikie,  N.  Kim,  M.  Dans,  H.  T.  Petrie,  and  F.  G.  Giancotti. 

1998.  Cell  c\dc  and  adhesion  defects  in  mice  carry  ing  a  targeted  deletion  of 
the  integrin  beta4  cytoplasmic  domain.  EMBO  J.  17:394(1-395). 

45.  Myers,  M.  G.,  Jr.,  J.  M.  Backer,  X.  J.  Sun,  S.  Shoelson,  P.  Hu,  J.  vSchless- 
inger,  M,  Yoakim,  B.  Schaffhausen,  and  M.  F.  White.  1992.  IRS- 1  activates 
phosphatidylinosilol  3 '-kina.se  by  a.ssociating  with  sre  homology  2  domains  of 
p85.  Proc.  Natl.  Acad.  Sci.  USA  89:10350-10354. 

46.  Myers,  M.  G.,  Jr.,  R,  Mendez,  P.  Shi,  J,  H.  Pierce,  R.  Rhoads,  and  M.  F. 
White.  1998,  The  COOH-terminal  tyrosine  phosphorylation  sites  on  IRS-1 
bind  SHP-2  and  negatively  regulate  insulin  signaling.  J.  Biol.  Chem.  273: 
26908-26914. 

47.  Myers,  M.  G.,  Jr.,  L.  M.  Wang,  X.  J.  Sun,  V.  Zhang,  L.  Yenush.  J.  Schless- 
inger,  J.  H.  Pierce,  and  M.  F.  White.  1994.  Role  of  IRS-l-GRB-2  complexes 
in  insulin  signaling.  Mol.  Cell.  Biol.  14:3577-3587. 

48.  Niessen,  C.  M.,  E.  H.  Hulsman,  E.  S.  Rots,  P.  SancheZ’Aparicio,  and  A. 
Sonnenberg.  1997.  Intcpin  alpha  6  beta  4  forms  a  complex  with  the  cytoskel- 
etal  protein  HDl  and  induces  its  redistribution  in  transfected  COS-7  cells. 
Mol.  Biol.  Cell  8:555-566. 

49.  Nishiyama,  M.,  and  J.  R.  W^ands.  1992.  Cloning  and  increased  expression  of 
an  insulin  receptor  substrate- 1 -like  gene  in  human  hepatocellular  carcinoma. 
Biochem.  Biophys.  Res.  Commun.  183:280-285. 

50.  Nolan,  M.  K.,  L.  Jankowska,  M.  Prisco,  S.  Xu,  M.  A.  Guvakova,  and  E. 
Surmaez.  1997.  Differential  roles  ot  IRS-1  and  SHC  signaling  pathw'ays  in 
breast  cancer  cells.  Int.  J.  Cancer  72:828-834, 

51 .  O’Connor,  K.  L.,  B.  K.  Nguyen,  and  A.  M.  Mercurio.  2000.  RhoA  function  in 
lamellae  formation  and  migration  is  regulated  by  the  alpha6beta4  integrin 
and  cAMP  metabolism.  J.  Cell  Biol.  148:253-258. 

52.  O’Connor,  K.  L.,  L.  M.  Shaw,  and  A,  M.  Mercurio.  1998.  Release  of  cAMP 
gating  by  the  alpha6beta4  integrin  stimulates  lamellae  formation  and  the 
chemotactic  migration  of  invasive  carcinoma  cells.  J.  Cell  Biol.  143:1749- 
1760. 

53.  Platanias,  L.  C.,  S.  Uddin,  A.  Yeltcr,  X.  J.  Sun,  and  M.  F.  White.  1996.  The 
type  I  interferon  receptor  mediates  tyrosine  phosphory-lation  of  insulin  re¬ 
ceptor  .sub.stratc  2.  J.  Biol.  Chem.  271:278-282. 

54.  Rabinovitz,  I.,  and  A.  M.  Mercurio.  1997.  The  integrin  alpha6beta4  functions 
in  carcinoma  cell  migration  on  Iaminin-1  by  mediating  the  formation  and 
stabilization  of  actin-containing  motility  structures.  J.  Cell  Biol.  139:1873- 
1884. 

55.  Rabinovitz,  I.,  and  A.  M.  Mercurio.  1996.  The  integrin  alpha  6  beta  4  and  the 
biology  of  carcinoma.  Biochem.  Cell  Biol.  74:81 1-821. 

56.  Rabinovitz,  I.,  A.  Toker,  and  A.  M.  Mercurio.  1999.  Protein  kinase  C-depen- 
dent  mobilization  of  the  alpha6bc(a4  integrin  from  hemidesmosomes  and  its 
association  with  actin-rich  cell  protrusions  drive  the  chemotactic  migration 
of  carcinoma  cells.  J.  Cell  Biol.  146:1 147-1 160. 

57.  Rezniczek,  G.  A.,  J.  M.  de  Pereda,  S.  Reipert,  and  G.  Wiche.  1998.  Linking 
integrin  alpha6beta4-based  cel!  adhesion  to  the  intermediate  filament  cy- 
loskeleton:  direct  interaction  between  the  beta4  subunit  and  pled  in  at  mul¬ 
tiple  molecular  sites.  J.  Cell  Biol.  141:209-225. 

58.  Rocha,  R.  L.,  S.  G.  Hilsenbeck,  J.  G.  Jackson,  C.  L.  VanDenBerg,  C.  Weng, 
A.  V.  Lee,  and  D.  Yee.  1997.  Insulin-like  growth  factor  binding  protcin-3  and 
insulin  receptor  substrate- 1  in  brea.st  cancer:  correlation  w'ith  clinical  param¬ 
eters  and  disease-free  survival.  Clin.  Cancer  Res.  3:103-109. 

59.  Rohrschneider,  L.  R.,  J.  F.  Fuller,  I.  Wolf,  Y.  Liu,  and  D.  M.  Lucas.  2000. 
Structure,  function,  and  biology  of  SHIP  proteins.  Genes  Dev.  14:505-520. 

60.  Salerno,  M.,  D.  Si.sci,  L.  Mauro,  M.  A.  Guvakova,  S.  Ando,  and  E.  Surmaez. 

1999.  Insulin  receptor  substrate  1  is  a  target  for  the  pure  antiestrogen  ICI 
182,780  in  breast  cancer  cells.  Int.  J.  Cancer  81:299-304. 

61.  Schneller,  M.,  K.  Vuori,  and  E.  Ruoslahti.  1997.  Alphabcta3  integrin  asso¬ 
ciates  with  activated  insulin  and  PDGFbeta  receptors  and  potentiates  the 
biological  activity  of  PDGF.  EMBO  J.  16:5600-5607. 

62.  Serini,  G.,  L.  Tnisolino,  E.  Saggiorato,  O.  Cremona,  M.  De  Rossi,  A.  Angel i, 
F,  Orlandi,  and  P.  C.  Marchisio.  1996.  Changes  in  integrin  and  E-cadherin 
expression  in  neoplastic  versus  normal  thyroid  tissue,  j"  Natl.  Cancer  Inst. 
88:442-449. 

63.  Shaw,  L.  M.,  C.  Chao,  U.  M.  Wewer,  and  A.  M.  Mercurio.  1996.  Function  of 
the  integrin  alpha  6  beta  1  in  metastatic  breast  carcinom:i  cells  assessed  by 
expression  of  a  dominant-negative  receptor.  Cancer  Res.  56:959-963. 

64.  Shaw,  L.  M.,  1.  Rabinovitz,  H.  H.  F.  Wang,  A.  Toker,  and  A.  M.  Mercurio. 
1997.  Activation  of  phosphoinositide  3-OH  kinase  by  the  a!pha-6-beta-4 
integrin  promotes  carcinoma  invasion.  Cell  91:949-960. 

65.  Siminovitch,  K.  A.,  and  B.  G.  Neel.  1998.  Regulation  of  B  cell  signal  trans¬ 
duction  by  SH2-containing  protein-tyrosine  phosphatases.  Semin.  Immunol. 
10:.329-347. 


66.  Sozzani,  P.,  L.  Hasan,  M.  H.  Seguelas,  D.  Caput,  P.  Ferrara,  B.  Pipy,  and  C. 
Cambon.  1998.  IL-13  induces  tyrosine  phosphorylation  of  phospholipase  C 
gamma-1  following  IRS-2  association  in  human  monocytes:  relationship  with 
the  inhibitory  effect  of  lL-13  on  ROI  production.  Biochem.  Biophys.  Res. 
Commun.  244:665-670. 

67.  Sun,  H.,  S.  A.  Santoro,  and  M.  M.  Zutter.  1998.  Downstream  events  in 
mammary  gland  morphogenesis  mediated  by  reexpression  of  the 
alpha2betal  integrin:  the  role  of  the  alphab  and  beta4  integrin  subunits. 
Cancer  Res.  58:2224-2233. 

68.  Sun,  X.  J.,  S.  Pons,  T.  A.sano,  M.  G.  Myers,  Jr.,  E.  Glasheen,  and  M.  F. 
White.  1996.  The  Fyn  tyro.sine  kinase  binds  Irs-1  and  forms  a  distinct  signal¬ 
ing  complex  during  insulin  stimulation.  J.  Biol.  Chem.  271:10583-10587. 

69.  Sun,  X.  J.,  P.  Rothenberg,  C.  R.  Kahn,  J.  M.  Backer,  E.  ArakI,  P.  A.  Wilden, 
D.  A.  Cahill,  B.  J.  Goldstein,  and  M.  F.  White.  1991.  Structure  of  the  in.sulin 
receptor  .substrate  IRS- 1  defines  a  unique  sicnal  transduction  protein.  Na¬ 
ture  352:73-77. 

70.  Suzuki,  S.,  and  Y.  Naitoh.  1990.  Amino  acid  sequence  of  a  novel  integrin 
beta  4  subunit  and  primary  expression  of  the  mRNA  in  epithelial  cells. 
EMBO  J.  9:757-763. 

71.  Tagliabue,  E.,  C.  Ghirelli,  P.  Squicciarini,  P.  Aiello,  M.  I.  Colnaghi,  and  S. 
Menard.  1998.  Prognostic  value  of  alpha  6  beta  4  integrin  expression  in 
breast  carcinomas  is  affected  by  laminin  production  from  tumor  cells.  Clin. 
Cancer  Res.  4:407^10. 

72.  Taniura,  R.  N.,  C.  Rozzo,  L.  Starr,  J.  Chambers,  L.  F,  Reichardt,  H.  M. 
Cooper,  and  V.  Quaranta.  1990.  Epithelial  integrin  alpha  6  beta  4;  complete 
primary  structure  of  alpha  6  and  variant  forms  of  beta  4.  J.  Cell  Biol. 
111:1593-1604. 

73.  Tanaka,  S.,  and  J.  R.  Wands.  1996.  A  carboxv-tcrminal  truncated  insulin 
receptor  siibstrate-1  dominant  negative  protein  reverses  the  human  hepato¬ 
cellular  carcinoma  malignant  phenotype.  J.  Clin,  investig.  98:2100-2108. 

74.  Tang,  K.,  D.  Nie,  Y.  Cai,  and  K.  V.  Honn.  1999.  The  beta4  integrin  subunit 
rescues  A431  cells  from  apoptosis  through  a  PI3K/^Akt  kinase  signaling 
patiwvay.  Biochem.  Biophys.  Res.  Commun.  264:127-132. 

75.  Tani,  1.,  T.  Karttunen,  T.  Kiviluoto,  E.  Kivilaakso,  R.  E.  Burgeson,  P. 
Sipponen,  and  I.  Virtanen.  1996.  Alpha  6  beta  4  integrin  and  newly  deposited 
laminin- 1  and  laniinin-5  form  the  adhesion  mechanism  of  gastric  carcinoma. 
Continuous  expression  of  laminins  but  not  that  of  collagen  VII  is  preserved 
in  Invasive  parts  of  the  carcinomas:  implications  for  acquisition  of  the  in¬ 
vading  phenotype.  Am.  J.  Pathol.  149:781-793. 

76.  Toker,  A.,  and  L.  C.  Cantley.  1997.  Signalling  through  the  lipid  products  of 
phosphoinositidc-3-OH  kinase.  Nature  387:673-676. 

77.  Turner,  B.  C.,  B.  G.  Haffty,  L.  Narayanan,  J.  Yuan,  P.  A.  Havre,  A.  A.  Gumbs, 
L.  Kaplan,  J.  L.  Burgaud,  D.  Carter,  R.  Baserga,  and  P.  M.  Glazer.  1997. 
Insulin-like  growth  factor-1  receptor  overexpression  mediates  cellular  radio- 
resistance  and  local  breast  cancer  recurrence  after  lumpectomy  and  radia¬ 
tion.  Cancer  Res.  57:.3{)79-3()83. 

78.  Uddin,  S.,  B.  Majchr/ak,  P.  C.  Wang,  S.  Modi,  M.  K.  Khan,  E.  N.  Fish,  and 
L.  C.  Platanias.  2000.  Interferon-dependent  activation  of  the  serine  kinase 
PI  3'-kinase  requires  engagement  of  the  IRS  pathway  but  not  the  Stat 
pathway.  Biochem.  Biophys.  Res.  Commun.  270:158-161 

79.  Unkelcss,  J.  C.,  and  J.  Jin.  1997.  Inhibitory'  receptors.  ITIM  sequences  and 
phosphatases.  Curr.  Opin.  Immunol.  9:338-343. 

80.  Valverde,  A.  M.,  M.  Lorenzo,  S.  Pons,  M.  F.  WTiite,  and  M.  Benito.  1998. 
Insulin  receptor  substrate  (IRS)  proteins  IRS-1  and  IRS-2  differential  sig¬ 
naling  in  the  insulin/insulin-like  growih  factor-I  pathways  in  fetal  brown 
adipocytes.  Mol,  Endocrinol.  12:688-697. 

81.  Vanderneut,  R.,  P.  Krimpenfort,  J.  Calafat,  C.  M.  Niessen,  and  .4.  Sonnen¬ 
berg.  1996.  Epithelial  detachment  due  to  absence  of  hemidesmosomes  in 
integrin  beta-4  null  mice.  Nat.  Genet.  13:366-369. 

82.  van  Waes,  C.,  K.  F.  Kozarsky,  A.  B.  Warren,  L.  Kidd,  D.  Paugh,  M,  Liebert, 
and  T.  E.  Carey.  1991.  The  A9  antigen  associated  with  aggressive  human 
squamous  carcinoma  is  structurally  and  functionally  simiFar  to  the  newly 
defined  integrin  alpha  6  beta  4.  Cancer  Res.  51:2395-2402. 

83.  Vuori,  K.,  and  E.  Ruoslahti.  1994.  Association  of  insulin  receptor  substrate- 1 
with  integrins.  Science  266:1576-1578. 

84.  White,  M.  F.  1997.  The  insulin  signalling  system  and  the  IRS  proteins. 
Diabetologia  40(SiippI.  2):S2-SI7. 

85.  Withers,  D.  J.,  J,  S.  Gutierrez,  H.  Toweiy  ,  D.  J.  Burks,  J.  M.  Ren,  S.  Preris, 
Y.  Zhang,  D.  Bernal,  S.  Pons,  G.  1.  Shulman,  S.  Bonner- Weir,  and  M.  F 
White.  1998.  Disruption  of  IRS-2  causes  tvpc  2  diabetes  in  mice.  Nature 
391:900-904. 

86.  Yamauchi,  T.,  Y.  Kaburagi,  K.  Ueki,  Y.  Tsuji,  G.  R.  Stark,  I.  M.  Kerr,  T. 
Tsushima,  Y.  Akaniima,  I.  Komuro,  K.  Tobe,  Y.  Yazaki,  and  T.  Kadowaki. 
1998.  Grow'th  hormone  and  prolactin  stimulate  tyrosine  phosphoiy'lation  of 
insulin  receptor  substrate- 1,  -2.  and  -3,  their  association  with  p85  phospha- 
lidylinositol  3-kinasc  (PI3-kinasc).  and  concomitantly  PI3-klnase  activation 
via  JAK2  kinase.  J.  Biol.  Chem.  273:15719-15726. 


